Proceedings of the Atmospheric Biology Conference by Sukalo, L. H.
>-,
t-
,>
N.65-Z3 980 N65-Z4_'_O0
: C2.Z___;c__-_., ,'_ 6"-
Proceedings
of the ATMOSPHERIC
BIOLOGY CONFERENCE
7_ April 13--15, 1964
UNIVERSITY OF MINNESOTA
Minneapolis. Minnesola
https://ntrs.nasa.gov/search.jsp?R=19650014379 2020-03-24T05:21:49+00:00Z
Proceedings
of the ATMOSPHERIC
BIOLOGY CONFERENCE
H. M. TSUCHIYA, Chairman
ALLAN H. BROWN, Co-Chairman
Proceedings A T M O S P H E R I C
of the
BIOLOGY CONFERENCE
H. M. TSUCHIYA, Chairman
ALLAN H. BROWN, Co-Chairman
_n
|
Jn
ii
Professor, Department of Chemical Engineering
University of Minnesota, Minneapolis
Professor, Department of Biology
University of Pennsylvania, Philadelphia
LUCILLE H. SUKALO, Editor
,w
University of Minnesota, Minneapolis
Sponsored by
ii
•" UNIVERSITY OF MINNESOTA
• NATIONAL AERONAUTICS & SPACE ADMINISTRATION
NI
NASA Grant NsG-461 to University of Minnesota
April 13-15, 1964
UNIVERSITY OF MINNESOTA
Minneapolis, Minnesota
Libraryof CongressCatalogCardNumber65°22526
Printedin Minneapolis,Minnesota
UnitedStatesof America
Contents
Page
v
vii
_/25
A7
/49
_117
-_27
J133
J145
151
J165
J 171
Preface
H.M. Tsuchiya & Allan H. Brown
Participants
Session I, A. Belmont, Convenor
THE ATMOSPHERIC ENVIRONMENT
H.T. Mantis
TRANSPORT & MIXING IN ATMOSPHERE
A. Wiin-Nielsen
EXTRUSION OF STRATOSPHERIC AIR INTO TRO-
POSPHERE
E.F. Danielsen
Session 2, W.E. Ranz, Convenor
ATOMIC ENERGY COMMISSION HIGH ALTITUDE
SAMPLING SYSTEMS
Robert W. Beadle
MECHANICAL METHODS FOR COLLECTING
STRATOSPHERIC BIOLOGICAL AEROSOLS
D.A. Lundgren, A.R. McFarland, & V.W. Greene
DETECTION & STUDY OF MICROBIAL POPULA-
TION IN UPPER ATMOSPHERE: SIMULATED
HIGH ALTITUDE MICROBIAL SAMPLING WITH
AN ELECTROSTATIC PRECIPITATOR
David Nicholson, William J. Oswald, & Robert C.
Cooper
PARAMETERS FOR BIOCOLLOIDAL MATTER IN
THE ATMOSPHERE
Alexander Goetz
Session 3, C.W. Bruch, Convenor
DIVINING FOR WATER IN STRATOSPHERE
Sheldon Steinberg
STRATOSPHERIC FROST-POINT MEASUREMENTS
USING THE ALPHA RADIATION HYGROMETER
Stephen F. Rohrbough & John G. Ballinger
LARGE-SCALE DISTRIBUTION OF MICROORGA-
NISMS IN ATMOSPHERE
C.E. Junge
BIOLOGICAL SIGNIFICANCE OF BACTERIAL
COUNTS IN AQUATIC ENVIRONMENTS
Holger W. Jannasch
Session 4, Allan H. Brown, Convenor
ATMOSPHERIC PARTICULATE MATTER OF
PLANT ORIGIN
William S. Benninghoff
LONG-TERM ANALYSIS OF ATMOSPHERIC POL-
LEN
Agnes Hansen & A. Orville Dahl
AIRPLANE TRAPPING OF ORGANISMS & PAR-
TICLES
E.P. Holzapfel & J.L. Gressitt
PROBLEMS OF SAMPLING FOR ATMOSPHERIC
MICROBES
P.H. Gregory
SAMPLING MICROBIOLOGICAL AEROSOLS IN
THE LOWER ATMOSPHERE
Charles R. Phillips & Herbert M. Decker
iii
Contents- continued
J179
J187
J213
221
221
221
222
223
223
224
235
Session 5, B.D. Church, Convenor
CAN SPORES SURVIVE SPACE TRAVEL?
H.O. Halvorson & V.R. Srinivasan
AN APPROACH TO STUDY OF MICROFLORA IN
ATMOSPHERE
R.L. Dimmick & R.J. Heckly
MICROBIOLOGICAL EXPLORATION OF STRATO-
SPHERE: RESULTS OF SIX EXPERIMENTAL
FLIGHTS
V.W. Green, P.D. Pederson, D.A. Lundgren, &
C.A. Hagberg
ATMOSPHERIC COLLECTION AT 130,000 FEET
Gerald A. Soffen
Session 6, H.M. Tsuchiya, Moderator
PANEL DISCUSSION
A. Belmont
P.H. Gregory
C.E. Junge
V.W. Greene
R.L. Dimmick
N.H. MacLeod
General Remarks
Nomenclature, General
iv
ti % • i
Pre[ace
The Atmospheric Biology Conference was held April 13 to 15, 1964,
at the University of Minnesota under the sponsorship of the National Aero-
nautics and Space Administration and the University of Minnesota. These
proceedings include the papers read and the discussions that followed the
presentations.
One of the reasons for NASA's interest in atmospheric biology is to
learn more about the types and numbers of biological forms that exist in
the atmosphere and the mechanisms whereby these biological forms are
injected into, distributed by, and maintained in the atmosphere. Similar
questions also interest biologists who investigate the soil and fresh and
marine waters.
A second reason stems from the need to implement NASA's program in
exobiology which is directed toward search for extraterrestrial life. Much
has been written concerning the processes of origin and development of life
on the earth but has necessarily been of speculative nature. The space age
affords an unprecedented opportunity to test some of these speculations. Do
other planetary bodies, e.g., Mars, support life and might they reveal exotic
biological forms as did, say, Australia when it was discovered and explored?
The technology of sending space probes to other planetary bodies appears
to be close at hand but such probes will require sterilization and maintenance
of freedom from free-living contaminants until these probes reach such
bodies. Information on the height of the biosphere is needed so that ejection
of encapsulation (around the probes)will be accomplished at heights above
which atmospheric contamination is known not to occur.
As will be evident from perusal of these proceedings, atmospheric
microbiology requires interdisciplinary work with cooperative contributions
from investigators working in various disciplines, much as has been the
practice in oceanography. It will also be evident that much developmental
work in devising instruments for detection of life and considerable thought
on the analysis of data obtained by such instruments will be necessary.
It is a pleasure to acknowledge the contributions of all of the par-
ticipants, some of whom came from abroad, and also of the convenors of
the several sessions including A. Belmont, W. E. Ranz, C. W. Bruch, and
B. D. Church, as well as various individuals of the University who coop-
erated in making possible this conference. Also the attention to detail and
overall quality of the book is due to Mrs. L. Sukalo who served as the editor.
Acknowledgment is made also for the valuable help of Mrs. W. C. Galbus,
who assisted the editor.
Minneapolis, Minn.
January, 1965
H. M. Tsuchiya
A. H. Brown
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Atmospheric
Abstract _:_C_ _
Atmospheric properties of temperature, density, and
the accompanying field of radiation as related to the bio-
logical environment is discussed. Natural injection of
biological material at base of atmosphere will be deter-
mined by a complex interaction of properties of the bio-
logical material itself and particular characteristics of
atmosphere at surface of earth. Extreme variability of
atmospheric surface layer is emphasized.
While it is predicted, therefore, that for most pol-
lens and spores there would be a rapid decrease in con-
centration with altitude, particles approaching micron
size might be expected in concentration at tropopause
almost half as great as near surface.
Some additional environmental hazards encountered
by small particles at high altitudes will therefore also be f
discussed. 4_,_(Introduction
I shall assume that you are familar with the
properties and characteristics of the atmosphere
near the surface of the earth and in this paper shall
concentrate on the planetary aspects of the atmos-
phere.
Extent of Atmosphere
The first point I wish to make is that the
atmosphere is a relatively thin shell surrounding
the earth and that its vertical dimension is small
compared to its horizontal or surface dimensions.
The radius of the earth is about 6,000 km and,
while there is no lid and therefore no precise upper
boundary on the atmosphere, for most purposes one
might consider the atmosphere to end at an altitude
of about 300 kin. The atmosphere is held onto the
surface of the earth by the gravitational attraction
of the earth upon the molecules of the air and al-
En.vironment
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though one can't give a precise figure for the depth
of the atmosphere, it is possible to state with con-
siderable accuracy that the mass of the atmosphere
is very nearly 1 kg/cm 2 over the surface of the
earth. Roughly, the mass is equivalent of the mass
contained in the first 20 ft or so of the solid surface
of the earth. The total mass of the atmosphere is
only a small fraction of the mass of the oceans,
perhaps only a fraction of a percent of the mass of
all the water on the planet. The primary constitu-
ents of the atmosphere are of course the classical
perfect gases, oxygen and nitrogen.
Atmospheric Density
The density of the atmosphere decreases in
the vertical. The atmospheric gases are compres-
sible so that decrease in density is most rapid
near the surface of the earth and less rapid at
higher altitudes. A graph of density with altitude
is only moderately instructive because of the wide
range of density to be shown on a single graph.
A diagram of density versus altitude is shown
in Figure 1.
The graph of density is very nearly an expo-
nential curve, the analytical expression for which is
much more than the graph itself. The approximate
formula for this curve is simply
P(h): p e -h/H, I
U
expressing the fact that the density at some altitude
(h) is equal to the surface density (Po)times
(exp-h/H).
Gaseous gravitational atmospheres tend to fol-
low such an exponential law. Astronomers generally
call the factor H, which represents the rate of de-
crease of the exponential, the scale height of the
atmosphere. This means that at an altitude, h = H,
the density will have decreased to approximately a
third (l/e) of its value at the surface of the earth. As
a good rule of thumb for the first 100 km of the
atmosphere, one can use a value of H, the scale
height, of 8 km. The pressure also, which is pro-
portional to density, decreases exponentially with
?
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height does not vary from the mean value of 8 km
by more than 1 kin.
Equation I can be obtained in a different way.
By kinetic theory one can predict for thermal equi-
librium that the number of molecules should be
distributed exponentially according to potential en-
ergy as given by the classical expression:
-m_h V
N = Noe kT
where m is the mass of the molecule and k is Boltz-
mann's constant.
Altitude in thousands of feet
Fig. 1. Variation of density with altitude (Adapted
from Handbook of Geophysics. 5).
height and will decrease by a factor of one-third for
every 8 km increment of altitude. Modern jet planes
normally operate at altitudes of about 8 km or a
pressure of about one-third of the surface pressure.
Properties of the atmosphere that depend directly
upon density or pressure will of course obey the
same law. The mean free path, for an example,
which is proportional to the reciprocalofthe density,
will increase exponentially.
The meteorologist arrives at Equation I in the
following way. He notes first that the rate of change
of pressure with height is simply proportional to the
weight of the atmosphere per unit volume, i.e.:
dp _ _ pO II
HIi -
He further recognizes that the atmosphere behaves
approximately as a perfect gas and therefore the
decrease of pressure with height is proportional to
the pressure itself; he thereby arrives at the baro-
metric formula, which has the same form as Equa-
tion I:
P(h) = p e - M_____h III
o RT
Equation III therefore indicates that the astronomer's
scale height (H) really depends upon the gas, the
absolute temperature, and the acceleration of gravity
(_).
H- RT IV
M .a
In the derivation of Equation III, it was assumed that
the atmosphere was isothermal with a constant
molecular weight and therefore a constant scale
height. While the atmosphere may seem anything but
isothermal to biologists, on a gross scale the atmos-
phere below 100 km is isothermal (the absolute
temperature does not vary by 25%) and the scale
Let me emphasize that Equation V is a pre-
diction of kinetic theory and which is, of course,
very nearly identical with the barometric formula
Equation III obtained by the meteorologist for an
isothermal atmosphere. Equations III and IV are
exactly the same if the atmospheric gas has a con-
stant molecular weight. The atmosphere, of course,
is a mixture of molecules of different molecular
weights so that by kinetic theory one would predict
a slightly different scale height for the nitrogen in
the atmosphere than for the oxygen in the atmos-
phere. Actually, a separation by molecular weight
(usually called gravitational separation) is not ob-
served in the atmosphere, at least below 100 km.
The tendency for establishment of thermal equilib-
rium and corresponding isothermal state with the
gravitational separation is largely counteracted by
large scale mixing in the atmosphere. Another way
of describing this phenomenon is to say that the
lowest 100 km of the atmosphere undergoes con-
stant mixing, which is much larger than the rate of
molecular diffusion.
Vertical Temperature Distribution
The major characteristics of the vertical
temperature distribution are shown in an example
of a rocket measurement of temperature made by the
Signal Corps in Figure 2 (4). About 100 conventional
balloon observations are made twice each day; this
example is fairly typical of the altitudes that are
attained. The U.S. Weather Bureau strives to
achieve an altitude of about 30 km on these daily
flights. Experimental balloons can reach altitudes
of 45 km, but at a prohibitive balloon weight to
payload ratio. To measure above this level, as in
this case, it is necessary to use rockets.
To help in the orientation of the density or
pressure with this graph (Fig. 2) of altitude and
temperature, let me remind you that the density goes
down about one order of magnitude for every two
scale heights and therefore at an altitude of 16 km
just about the first minimum of temperature, the
density is down by a factor of 10and the pressure is
therefore about 100 mb as compared to the surface
value of 1,000 mb.
Temperature is measured in the conventional
balloon soundings by measuring the resistance of a
small ceramic cylinder. Conventional temperature
sensors can be used to an altitude of about 50 km
and then fail because the mean free path generally
is larger than any measuring instrument and it is
impossible to make thermal contact with the air
molecules. The upper points of this sounding were
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madeby measuringthe speedof soundtransmittedfrom explosionsset off by the rocketduringits
ascent.
Thecharacteristicsof the verticaltempera-
ture distribution maybe summarizedas follows:
1)Therearetwominimawithtemperaturesofnear200K;one at about12km andoneat about80km
altitudeand an intermediatemaximumat 50km
wherethetemperatureapproachesthe samevalue
as at the surfaceof the earth.2)Thelowestscale
heightof the atmosphereis characterizedbyade-
crease in temperaturewith altitude. 3) In the
standardatmosphereor theengineer'saverageat-
mosphere,the temperaturedecreases6.5C/km.
4)Thereis a transitionfromalapserateof 6.5°/km
to a near isothermallayeratabout12km (Fig.2).
Thetransitionfrom lapseto isothermalconditions
characteristicallyis abruptasshownontheballoon
soundingalthoughthe abrupttransitionbecomes
smoothedout in the average(smoothcurve of
Fig. 2). Theabruptbreakis calledthetropopause
andthe layer aboveis calledthestratosphere.The
regionof the temperaturemaximanear 50km isgenerallycalled the mesospherealthoughthe no-
menclaturefor the layersabovethe stratospheredoesnotalwayshaveuniversalacceptance.Above
100km, the limit of thediagram,decompositionof
the atmospherebeginsto takeplace;thisregionof
chemicalreactionis frequentlytermedthechemo-
sphere.
Radiation Field
The field of radiation is not only a physical
parameter of interest in itself but it is basic for an
understanding of the vertical temperature distribu-
tion. The radiation from the sun is very much like
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the radiation from a black body at a temperature of
about 6,000A. The peak in the solar spectrum (Fig.
3) occurs in the middle of the spectrum of visible
light, about 5,000A. While some radiation is emitted
beyond the wavelength extremes shown on this graph
(2,000-18,000A), the amount of energy contained in
these wavelengths is low.
It is important to remember that the inter-
action of electromagnetic radiation with matter is
not continuous, but occurs in increments and is
dependent upon wavelength. In the wavelength region
of visible light, (in which most of the solar energy
occurs), the components of the atmosphere are not
reactive so that solar radiation arrives at the Sur-
face of the earth with little attenuation. The earth's
surface is relatively absorbent to solar radiation
and converts this radiant energy into heat so that
our atmosphere is really heated from below. The
atmosphere will heat up until it reaches a condition
of thermal equilibrium where it transfers heat back
to space at the same rate at which it is received.
Since the transfer of heat usually occurs down
a temperature gradient, we would expect a decrease
in temperature with height just as observed for the
troposphere. This explanation is, of course, an
oversimplification but one should expect a decrease
in temperature with altitude simply from the fact
that atmosphere is heated from below. Once the solar
radiation is converted into heat, the energy must
ultimately be transferred back to space by radiation,
but the radiating material is at a much lower tem-
perature than the sun so that the wavelength char-
acteristic of this radiation is quite different thanthe
wavelength characterizing the solar radiation.
Figure 4 is a schematic graph of spectral
intensity of the solar radiation and of the earth
radiation on a logarithmic wavelength scale. The
peak of the solar spectrum radiation occurs at
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Fig. 2 (|e[t). Example of vertical temperature distribution {adapted from Stroud et al., 4). Points indicate actual
observations; balloon observations (circles) made by conventional meteorological soundings. Solid line is average value for
atmosphere.
Fig. 3 (right). Solar spectrum {adapted from Johnson, 3). Dashed lines are spectrum of black body at 5,700 and 6,000 K.
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0.5_ , whilethepeakoftheearthandatmosphere
radiationis at 10pcorrespondingto ablackbodyof
about250K.
Theradiationfield of theatmospherethushas
two componentsof aboutequalflux in distinctand
separatewavebands:thesolaror visibleradiation
andthe earthor infrared radiation.Interactionof
electromagneticradiationwith the atmosphereoc-
curs only attheveryshortor ultravioletendof the
spectrumandin theinfraredportionof thespectrum
while in between,as wealreadynoted,theatmos-
phereis nearlytransparent.
J
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Fig. 4. Schematic spectrums of solar and of atmos-
pheric infrared flux (adapted from Goody and Robinson,
2). Log scale. Solar (left) infrared (right).
To complete the discussion of the solar radia-
tion in the ultraviolet, wavelengths shorter than
2,900A are alm0st completely absorbed in the at-
mosphere and unobservable at the surface. The
solar spectral distribution in Figure 3 is neces-
sarily derived from rocket measurements made
above the atmospheric absorption. In the ultraviolet
region the solar spectrum contains far less energy
than a black body at either 6,000 or even 5,700K
(black body curves, Fig. 3) and, while the total
energy in the ultraviolet is only about 10°/o of the
solar energy, the precise spectrum is important
in the theory of upper atmospheric absorption and
ionization. At even shorter wavelengths (<2,000A)
the solar spectrum is quite variable and at times is
vastly enhanced over the 6,000 ° black body.
Figure 5 is a diagram of some National Re-
search Laboratory rocket measurements of the solar
spectrum during disturbed conditions. Intensity was
measured only in fairly narrow bands and then
analyzed with the appropriate black body spectrum
that would yield this same intensity in the observed
band. Typically, temperatures of 1 to 1/2 million
degrees would be required to produce the short
wavelength spectrum. As a final warning, the dia-
gram in Figure 5 is on a log scale and the total
energy observed in these short wavelengths is only
a slight fraction of the solar energy.
To illustrate both the degree of atmospheric
absorption and the layers in which the absorption
occurs, another result of the National Research
Laboratory rocket flights is shown in Figure 6, in
which is plotted that altitude of the atmosphere at
which two-thirds of the incoming solar radiation has
already been absorbed. The nature of the absorber
has been indicated by the symbols above the corre-
sponding absorption region. The shortest wavelengths
are absorbed in the ionization of oxygen and nitro-
gen mainly above 150 km; the next longer wave-
length region is absorbed in the decomposition of
molecular oxygen near 100 km, while energy in the
2,000 to 2,900A region near 40 km is absorbed by
ozone (Fig. 6).
It is apparent therefore that exposure to ul-
traviolet radiation in the atmosphere will not in-
crease substantially until altitudes of above 30 km.
On the other hand, most of the energy in the solar
ultraviolet is in the ozone absorption region and
almost the full solar energy spectrum shown in
Figure 3 would be encountered at altitudes above
40 km.
From the previous simplified discussion, we
noted that one expects the energy to transfer from
higher to lower temperatures. If this statement can
be inverted, we deduce that high temperatures in
the upper atmosphere must be associated with
energy sources other than the surface heating. The
temperature maximum at the 50 km mesopeak is
primarily due to the absorption of solar energy in
the 2,000 to 2,900A region by atmospheric oz_one.
Although the total ozone concentration hardly ex-
ceeds one part per million, it is very absorbent in
this wavelength region. The temperature increase
above 100 km is due to the absorption by the break-
down of the oxygen molecule and the ionization of
oxygen and nitrogen.
The upward beam of infrared radiation, al-
though containing the same flux as the average
incoming solar beam, presumably is of interest here
only as it might determine the heat balance and tem-
perature of biological materials. Since the intensity
is near that of a black body at 250K, the effect on
absorbing materials is generally to warm objects if
the ambient air temperature is below 250K. The
interaction of infrared radiation with the more com-
plex molecules of the atmosphere, however, is
important in determining the heat balance and the
equilibrium surface temperatures of the atmosphere.
The principal absorbers in the infrared are water
vapor and CO2, which can be excited to rotation or
rotation and vibration by radiation in infrared wave-
lengths. Perhaps not accidently, the outgoing infrared
radiation is centered on a window in the water-vapor
carbon-dioxide absorption bands. The 10 _ peaklies
just between intense absorption bands in the wings of
the spectrum; the surface temperature of the air
will be held more nearly constant (near 250K) than
it would be with different atmospheric infrared ab-
sorption characteristics.
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Fig. 5 (top) Solar spectrums at short wavelengths during solar disturbances (Friedman, 1).
Fig. 6 (bottom). Atmospheric absorption in the ultraviolet. Graph shows absorber and altitude at which e -1 of
incident solar radiation remains (Friedman, 1). Log scale.
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Vertical Stratification of Atmosphere
The one further atmospheric characteristic I
wish to discuss is its vertical stratification. We have
already noted that the nomenclature of the various
layers of the atmosphere is based uponthetempera-
ture lapse rate. The reason for this classification
is not solely convenience but because the temperature
lapse rate is so closely connected with the vertical
stratification and the associated properties.
atmosphere for convection is one of the great diffi-
culties that hampers a theoretical treatment of the
mixing process. It seems likely that nonlinear be-
havior would account for the fact that the tropopause
generally occurs as a sudden break in lapse rates
rather than a gradual transition. The warming of
the layers above the tropopause by ozone absorption
provides a stable lid to tropospheric convection and
there would appear to be a lapse rate beyond which
vertical mixing is rapidly damped.
Summary
Since the atmosphere is a relatively thin
layer, horizontal mixing would be expected to pre-
dominate over vertical mixing and there is a much
greater tendency for properties to become more
homogeneous in the horizontal direction as com-
pared to the vertical direction. The marked verti-
cal stratification of the atmosphere, however, can
only be accounted for by a discussion of the prop-
erty termed stability. Generally (except in thunder-
storms), the atmosphere will be hydrostatically
stable; that is, a parcel of air can be displaced
vertically only by the expenditure of work. If some-
how a parcel of air is pushed upward, for example,
the displaced air will be in an environment of lower
pressure and it will expand. Air being a poor con-
ductor of heat, the displaced particle will cool
adiabatically.
While Figure 2 is actually a graph of tempera-
ture versus height, because pressure is a monotonic
function of height, it could equally wellbe considered
a graph of temperature versus pressure or a kind
of thermodynamic diagram on which we could plot
the path for an adiabatic process. A plot of the
isentropic path of the displaced air would show that
the temperature decreases at 10 C/km. Recalling that
the average tropospheric lapse rate is 6.5 C/kin, it
should be apparent that a parcel of air displaced
upwards will be colder and denser than air in the
environment. The displaced air will therefore be
subjected to a force directed downwards; i.e., a
force directed oppositely to the displacement. The
physical definition of stability is the restoring force
per unit mass per unit displacement and it is
numerically related to the temperature lapse rate.
Thus, the troposphere with a lapse rate of
6.5 C/km-1 is much less stable than the stratosphere
where the lapse rate is almost zero. Vertical mixing
of the stratosphere is therefore much inhibited as
compared to the troposphere. If we characterize (as
is common in meteorology) the mixing by an effec-
tive "eddy" diffusivity, the vertical diffusivity of the
troposphere is 10 to perhaps even 1,000 times
greater than the stratosphere. (Although the pre-
cise value is open to dispute.) The abrupt transition
in ozone concentration at the tropopause would tend
to support the larger figure.
Once vertical mixing does occur, the mixing
itself tends to establish the adiabatic lapse rate of
10C/km so that mixing tends to produce a less stable
atmosphere. Mixing, therefore, makes it easier to
have further mixing. This nonlinear behavior of the
The properties and characteristics of our at-
mospheric environment as discussed here are:
I. The atmosphere is a relatively thin shell
of gases, primarily oxygen and nitrogen, held on the
surface of the earth by attraction of gravity.
II. Air is compressible and the density there-
fore decreases with height rather rapidly near the
surface and then less rapidly in the upper atmos-
phere. The density distribution with altitude may be
characterized for engineering purposes by the ex-
ponential law with the scale height of about 8 km.
III. The main features of the verticaldistribu-
tion of temperatures are two minima, one at 12 km
and one at 80 km, with a maximum of about 50 km
where the temperature is very similar to that of the
surface of the earth. The layers of the atmosphere
are classified according to their temperature lapse
rate. The first layer above the surface of about 12
km depth is called the troposphere. The break in
temperature where the lapse rate becomes more
stable is called the tropopause and the region above
is called the stratosphere. The transition between
the lapse rate of 6.SC/km in the troposphere, to a
value near zero, characteristically occurs as a very
sudden break on the individual temperature sounding.
IV. The incoming solar or visible radiation
can be characterized as black body radiation at
6,000K while the infrared or atmospheric radiation
can be characterized as black body radiation at
250 K. The interaction of electromagnetic radiation
with matter is not continuous and depends upon
wavelength. Atmospheric constituents are not reac-
tive at intermediate wavelengths but in the ultra-
violet, the molecules decompose and absorb radia-
tion, and at infrared wavelength, some of the lesser
atmospheric constituents are very absorbent.
V. The principal features of the vertical tem-
perature distribution are caused by the absorption of
solar energy, the surface temperature maximum
produced by absorption of the visible radiation by
the earth's surface. The intermediate maximum is
due to ozone absorption and the high temperatures
above 100 km are produced by the decomposition
and ionization of oxygen and nitrogen.
VI. The atmospheric properties are much
more homogeneous in the horizontal than in the
vertical. The vertical stratification is due to the
fact that it requires work to displace a particle of
air in its environment. The degree of stability is
numerically related to the temperature lapse rate.
Vertical mixing is relatively inhibited in the strat-
osphere as compared to the troposphere.
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Nomenclature
h Altitude
H Scale height or rate of decrease of exponential
(astronomy)
P Density
m Mass of molecule
M Molecular weight of gas
R Universal gas constant
N Number density of molecules
Discussion
Brown--You describe the atmosphere as if it
were all one atmosphere. How much variation is
there from season to season and from year to year?
Is the variation negligible or is it spectacular?
Mantis -- The "standard _ atmosphere is just an
international "engineers' atmosphere." It is of course
not even a true average, but simply an agreed
standard of reference. The greatest departures
from the standard atmosphere occur in the surface
layers so that you presumably are already aware of
how far from standard the atmosphere can be. Di-
urnal variations are largest in the lowest few
thousand feet. I have added a diagram (Fig. A)of
two soundings made in the morning and in the
evening of the same day, at Oklahoma City, to
illustrate typical departures from the standard
atmosphere. Departures of 10C are common near
the surface, and actual soundings invariably pos-
sess a large number of irregularities. It is inter-
esting to note that the tropopause is a sharp break
on the actual sounding, although it does not occur
precisely at the level of the standard atmosphere
tropopaus e.
The greatest horizontal variation from the
mean temperature distribution is in the surface
layer in a north-south direction, so that the greatest
variation is in the lowest layers of the atmosphere,
in the troposphere. The stratospheric variation from
north to south, however, is almost as great and the
gradient is oppositely directed. The temperature
at the tropopause is about -55C in mid-latitudes.
At the equator tropopause temperature may be as
low as -80. Incidentally, -80C is close to the tem-
perature at the upper temperature minimum (at 80
km).
The surprising thing about the mesopeak at
50 km is that even though there is no radiation
received to provide this warming in northern re-
gions, in winter the annual variation is less than in
the troposphere.
Oswald- Could you elaborate a little more on
the ozone layer of the atmosphere where you stated
that ozone was absorbing the energy from sunlight?
Could you make some statements regarding concen-
trations ?
Mantis--The concentration at the peak is 1
ppm--106. The ozone concentration is down from
this figure by roughly a factor of a thousand at the
surface. The ozone concentration remains almost
constant in the troposphere (that's another indication
that the troposphere is fairly well mixed)and then
increases quite rapidly right above the tropopause.
The ozone concentration looks a lot like the tempera-
ture profile. The concentration peaks around 25 km
and then it decreases above that. There really is a
very small amount of ozone. The ozone, however,
about one-fourth centimeter layer at STP, absorbs
all the solar energy below 2,900A. We must use a
balloon or another aircraft before we can see the
ultraviolet part of the solar spectrum.
Question from audience --This concentration is
1 ppm of what?
Mantis- Of air. One ozone molecule per mil-
lion oxygen-nitrogen molecules at that maximum
peak of 25 km.
Question from audience -- How about the oxides
of nitrogen? Do any form in the tropopause layer?
Mantis- There are weak nitrous oxide lines
in the spectrum; I don't have any figure at all for the
concentration. It's very small.
Question from audience- How's the water dis-
tribution?
Mantis -- The water distribution is a maximum,
of course, at the surface. The maximum is something
like 2%, the most the warmest atmosphere could
hold in vapor phase. The distribution decreases
with height. The latest finding seems to be that the
relative water vapor concentration begins to increase
again above the tropopause (the mixing ratio or the
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Fig. A. Example of morning and evening vertical temperature distribution at Oklahoma City 7 April to illustrate
typical diurnal and seasonal departures from standard atmosphere.
parts per million). I don't know what a good figure
is here. It's probably lower than 0.01 parts per
thousand.
There is a great decrease and then a slight
increase again, which might mean that this is extra-
terrestrial hydrogen recombining in the atmosphere.
Question from audience -- Is there any variation
in the composition with altitude, particularly in
regard to carbon dioxide?
Mantis- There is no gravimetric separation
in the atmosphere. There is a decrease in water
vapor concentration with altitude because the tem-
perature decreases with altitude and the vapor
condenses. Some of the measurements of carbon
dioxide concentration at high altitudes have been
contradictory, but there is fair agreement that the
mixing ratio, the ratio of the number of carbon
dioxide molecules to nitrogen molecules is constant.
Goetz --Wouldn't this contradict what you de-
scribed as the kinetic or barometric law?
Mantis -- Oh yes. That is right. It was my point
that that law is not obeyed. Mixing goes on, up to
80 km. At 80 km one begins to get gravitational
separation. One gets quite rapid decomposition of
oxygen above this point, so that by 100 km all the
oxygen is atomic oxygen rather than molecular.
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Goetz- Could you say somewhat more about
the ozone distribution, the partial pressure of the
ozone below the tropopause, particularly as it oc-
curs close to the earth's surface? Paetzold (B)
reported a steep decline of the ozone concentration
below the tropopause and barely any at low alti-
tudes. It would be interesting to learn more detail
about this profile particularly in the biosphere.
Mantis--There's a good deal of information
now about the ozone distribution, but the ozone near
the surface is so low (it's right on the verge of
measurement limits of the present instrument) that
there are few significant fluctuations in their meas-
urements. The ozone distribution will be irregular
at the surface, but fairly uniformly low.
I was interested in this myself to see if one
could get an average gradient of ozone in the tropo-
sphere. Near the surface where one can use more
elaborate instrumentation he can get variation in
ozone. The ozone is decomposed or is absorbed at
the surface, so the ozone that is made in the strato-
sphere is transported down to the surface, and then
decomposed. There's a fairly large diurnal variation
of ozone at the surface; at night the lowest few
meters of atmosphere form a large temperature
inversion which is a stable region. Mixing is there-
fore reduced and the ozone is just precipitated out;
there is no more feeding down from above; the ozone
goes down at night. As soon as the sun comes up the
ozone comes right up to the ordinary value that is
about 1 in 109, I guess. One is supposed to be able
to smell ozone at 1 in 108.
Goetz -- I am thinking about the work of F. W. P.
Goetz in Switzerland (A), the large fluctuations of
ozone concentration he found at his station in Arosa,
whenever clouds or fog drifted into the steep alpine
valleys.
Mantis--I'm not familiar with that work. Dr.
Kroening of the University of Minnesota makes
ozone measurements right here at the University.
The fluctuations at the surface seem to be almost
entirely controlled by vertical mixing.
Junge -- Maybe I can give some information on
this question. Considering both old and new data it
seems as if the mixing ratio of the ozone in the
troposphere (on the average) increases approxi-
mately by a factor of two when one goes from 1, 2 km
to the upper troposphere.
Goetz -- I would be interested in what happens
in the biosphere, that is, in the last kilometer of
the atmosphere.
Junge- In the troposphere the ozone concen-
trations are more constant than we thought except
near the surface. Near the surface there is destruc-
tion of the ozone. Depending upon the micrometeoro-
logical conditions in the surface layer you might
have all values from zero up to the average value.
Mantis -- The photochemical detector was used
here. The quality of the instrument, the sensitivity,
is a function of the amount of money put into the
photodetector (one can't fly an expensive one worth
$ 2,000 or so), thus the fluctuations in the troposphere
are just on the border of me_asurerr_ent with the
regular instrument. I think the fluctuations are real,
but the data are touchy.
Question from audience-You said that the
ozone is formed near the surface due to photochemical
reactions ?
Mantis --Also, yes.
Question from audience--There's a small
amount of shortwave ultraviolet coming through?
Mantis--Well, there isn't a precise point, but
anything less than 2,900A is really absent at the
surface. The ozone is formed in surface air by a
complicated photochemical process that involves the
hydrocarbons in the air at the surface. It's a sen-
sitized reaction.
Goetz--You need a substantial number of
energetic photons?
Mantis- Yes. It isn't the same problem. The
formation of ozone in the upper atmosphere is
relatively simple. Oxygen decomposes above 100km
and diffuses downward; also some decomposes down
to 50 km. Then it recombines with an oxygen mole-
cule to form ozone. There's no problem in under-
standing the process and this reaction is direct;
there must be radiation of very short wavelength to
accomplish the decomposition of oxygen. In the case
of the reaction at the surface, ultraviolet is not
needed.
Soften--What sorts of devices are used for
measuring the temperature above the balloon limits?
Mantis -- Up to about 50 km one can use a fine
thermistor. The limit of ordinary temperature
sensing is 50 km because the instrument is the
order of the mean free path; once you pass that limit
you can't measure temperature. The sounding I
showed was a measurement of the speed of sound.
Grenades were set off from the ascending rocket and
the temperature sounding reconstructed from the
measurement of the time of travel of the explosion.
Soffen- Is that by speed of sound?
Mantis -- Yes.
Soffen-- You have no density m_asurement
then?
Mantis --No, with the barometric formula the
temperature and composition determine the density.
On the other hand, at higher altitudes density
measurements are made with vacuum gauges and
the temperature deduced from the barometric for-
mula.
MacLeod- Is the temperature profile that you
showed, the kind of temperature profile that the
micron size particles would have at these altitudes?
Mantis- I wanted to make that point, too, that
the physics of the heat transfer is such that the
smaller the size the more effectively conduction
competes with radiation. So that's true. The particles
of micron size would be very hard to move away
from the air temperature by radiation processes.
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Grego,'y-I _'hinkyousaid that ozonedisap-
pearedfrom thelowerpart of the atmosphereat
night.Couldyouelaborateonthis?
Mantis-- ThemechanismI proposeis thefol-
lowing.As Dr. Jungementioned,there is a slightgradientof ozonein the troposphere,that is a
higherconcentrationat the tropopausethanat the
surface.Therewill be a constantdepositiondown
thegradientontothesurface.
At nightatemperatureinversionmayform in
theatmosphereatthesurface.Thisinversionreduces
convectionand blocksthe transfer to the surface
layer of air. Theozonein this surfacelayerthendiffusesanddepositsonthesurfaceandtheconcen-
tration decreases.Thenighttimedecreasein ozone
will be restrictedto afewmetersabovethesurface.
Soundingsmadeby hoistingan instrumentup ona
balloonshowthattheusualtropospheric oncentra-tions will still beobservedabout100metersabove
thesurface.
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Abstract _,_._
Density of standard meteorological data is described
and discussed. It is pointed out that the standard data have
limited use for micrometeorological purposes, and that
we must employ empirical turbulence and mixing theories
to describe natural phenomena. Advantages and disadvan-
tages of classical mixing length theory are discussed, and
it is pointed out that it is an assumption that the flux of
any quantity is directed opposite to the gradient of the
quantity. Examples of momentums and heat transports in
the atmosphere giving a transport in the opposite direction
are shown.
Standard meteorological data can be usedto compute
transports of momentum, sensible heat and moisture in
the atmosphere. Examples of such calculations are shown.
The transports are given as functions of latitude, pres-
sure, and longitudinal wave number. The maximum heat
and moisture transports are in lower part of atmosphere,
while the maximum momentum transport takes place in
upper part of troposphere.
It is furthermore demonstrated that a large fraction ,/
of the different transports is carried out by the largest/fl" /
scales of motion (the lowest wave numbers}, especiall_ t_
during winter season. _Xjv
It is the purpose of this lecture to present cer-
tain ideas related to transport and mixing processes
in the atmosphere. One of the more important con-
cepts to mention immediately is the fact that the
transport processes and the mixing which takes
place depend very much upon the scale of the atmos-
pheric motions. We should realize from the outset
that there is always a lower limit to the scale which
we can analyze with a given meteorologicalnetwork.
If we are interested in the micro-processes around
a given tree or plant we must naturally measure the
quantities in a dense network of observations in
order to be able to compute the gradients that are
of importance in the transport of any quantity.
The standard meteorological observations
consequently have limited use. The density in
space varies a great deal from one part of the
world to another. In general, we find a greater
density of observations over land than over the
ocean. The average distance between observations
in the Atlantic Ocean is about 900 km while the
corresponding distance in the Pacific Ocean is
about 1,200 km. In two parts of the world, the
eastern United States and Western Europe, we find
the best observing networks; even here the average
distance between observation stations is about
300 km.
If we therefore want to estimate transport
processes as a function of scale from standard
observations it becomes important to realize that
the lower limit of the scale that we can expect to
consider in a realistic way will be about 2,000 km,
because we need about six to seven observations in
one wavelength to describe the wave pattern correctly
to the first degree of approximation.
We spend some time on these elementary facts
because researchers quite often make uncritical use
of meteorological data in research without realizing
the limited space-and-time resolution that they
have. Having this concept, however, helps us to real-
ize that certain phenomena can be treated in an expli-
cit way; phenomena on a smaller scale necessarily
have to be treated in a different way using other-
more or less empirical--theories. For example,
the limited density of the standard meteorological
network--although never dense enough to satisfy
everybody--rests upon the assumption that the
smaller scale motion has little, if any, influence on
the larger scale. This assumption also may be
expressed in the form that we work in the Richard-
son and Taylor turbulence regime where the energy
cascade goes from the larger scales to the smaller
scale.
When we want to establish estimates of trans-
port processes in the atmosphere there is naturally
nothing better than establishing a network that is as
good as we can afford. The ultimate limit is neces-
sarily always economic in nature. Having established
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the network we must observe the physical param-
eters that are of importance for the problem under
consideration: usually pressure, density and tem-
perature, and the "three" components of the wind,
realizing that the vertical component always is
difficult, if not impossible, to observe directly. In
addition to the parameters that are important in
describing the physical state of the atmosphere,
we must naturally also observe the constituent that
is char.acteristic for the specific problem in ques-
tion. For example, if we are interested in the
transport of air pollutants or pollen we must ob-
serve the concentration in our observing stations.
If for a moment, and for simplicity, we assume
that we have a network dense enough to neglect the
subscale, we can easily write an equation that will
describe the local change of the quantity in which
we are interested. Suppose that the concentration is
C. The local change of C is then determined by the
equation 1
-b
o(Cp)_ _v. (Cpv)+S, I
ot
which says that the change observed in a given point
is determined partly by the convergence of the trans-
port vector, p C _, and partly by the source function,
S, which also may be called the local production.
Equation I can be used to describe the observed
changes in a given point and especially to determine
how much of the observed changes is due to trans-
port and how much is due to local production. In
order to use the equation for such diagnostic purposes
it is necessary to know the three-dimensional wind
4
vector v and the concentration in the environment.
Let us furthermore emphasize that if we want to use
the equation for prognostic purposes it becomes
necessary to supplement the equation with a number
of other equations that will predict the changes in
the wind field.
If we now furthermore want to consider the
more realistic case in which we have to consider
our observations as mean values over a certain
time it becomes necessary to go into the empirical
theory for diffusion. It is naturally not the idea in a
lecture of this nature to account for the diffusion
theory, but let me remind you that the formal diffu-
sion equation easily is obtained from Equation I by
dividing each scalar quantity into its time mean value
over a given period of time.
t+ 1/2T
5. = T a dt II
t - :/2T
!
and the deviation from the time mean, denoted a ,
i.e., a =-ff + a f with a '= o. Using this concept we
may transform Equation I into the following equation:
- l-0C = -v' vC+_v- p K.v C +S III0t
1See nomenclature, p. 235.
in which the term on the left side of the equation is
the local rate of change of the mean "concentration,"
while the first term on the right side of the equation
is the advection of the mean concentration by the
three-dimensional wind, the second term is the dif-
fusion described by the diffusion coefficient
K = (Kx, Ky, Kz) and S is the mean source function.
Note that Equation III is a modified, empirical
equation because its formulation depends upon the
so-called Prandtl mixing length theory in which it
is assumed that the vertical transport, c _ O, can be
expressed as
C' w = - K z 0 C IV
0Z
In other words, vertical turbulent transfer is pro-
portional to the vertical gradient of the mean
concentration.
When we replace the instantaneous values of
the parameters by the mean values and by deviation
from the mean value we get the additional terms of
the form, c' w', called the Reynold stresses. The
information which is lost in the averagingprocedure
is hidden in the exchange coefficients, Kx, Ky, and
K z •
Equation III and similar equations have been
used for many purposes in meteorology. They are
the well known equations that are used in studies of
diffusion of heat and water vapor, in evaporation from
the surface of the ocean, in the description of the
diurnal changes of temperature and moisture close
to the ground, and in general studies of air mass
transformations.
An equally intensive application of equations
of this form is found in the broad area of air pol-
lution. It is characteristic for most of these appli-
cations that the main emphasis is placed on the
second and, sometimes, the third term on the right
hand side of Equation III. This means that the equa-
tion can be treated without any knowledge of the
velocity field in the atmosphere. Under such condi-
tions it has been possible to consider diffusion of
instantaneous point and line sources (under the
assumption of constant diffusion coefficients), diffu-
sion from a continuous point source, and steady
state diffusion from an infinite line source. Most of
the applications have been in the layer near the
ground; the calculations have been made by simpli-
fying assumptions with respect to the variations of
the exchange coefficients.
On the other hand, the meteorologists inter-
ested in the large-scale motion of the atmosphere
have put most emphasis upon the first term in the
right side of Equation III and have evaluated the
large-scale transport of several of the important
atmospheric parameters.
The quantity C, introduced in the first equa-
tion, can be almost anything. If we want to evaluate
the transport over a large area, however, we must
have observations. The transports that are known
with any certainty at all are therefore restricted to
the parameters which are measured on a routine
WIIN-NIELSEN-TRANSPORT& MIXINGIN ATMOSPHERE
basis.At thepresentimewehavereasonablygood
estimatesof thetransportsof heat,momentum,and
moistureonanalmosthemisphericbasis,butwehavelittle informationaboutransportsof contami-
nantsin theatmosphere--pollen,spores,andother
particlesof interestto non-meteorologists.
We shouldfurthermorebe careful to point
out that most of the transportsthat havebeen
evaluatedarefor thehorizontalmotion.Thevertical
transportsarealmostimpossibleto obtain.
It is the purposeof thefollowingdatato give
youanimpressionofthemeteorologists'knowledge
of the differentkindsof transportthat havebeen
evaluatedfrom atmosphericdata.It is importanto
mentionthat it is possible,throughthetechniqueof
Fourier analysis,to computethe contributionto agiventransport from the different scalesof the
atmosphericmotion.In several illustrations the
transportscanbedistinguishedfrom thedifferent
wavenumbers.A giventransportcanbewrittenintheform:
N
T = Z T Y
n
n=l
in which T is the total transport and all the Tn'S
are transports by the waves of agivenwave number,
n. The small wave numbers correspond to the largest
wavelength. The expression, n = 1, corresponds to
one wavelength around the earth at a given latitude;
n = 2 corresponds to two complete waves around the
earth at a given latitude, etc.
Transport of sensible heat from the ground to
the top of the atmosphere as a function of latitude is
shown in Figure 1. The curves are mean values for
different months. The main result of the calculations
is that heat is everywhere transported from southto
north in the northern hemisphere, with larger
amounts in the winter and smaller amounts in the
summer.
A more detailed picture of the same heat
transport is shown for January 1963 in Figure 2
and for April 1962 in Figure 3. Here the heat
transport is shown as a function of latitude and
pressure. There is pronounced maximum transport
in the middle latitudes and the lower altitudes; a
large percentage of the transport is carried out by
the largest scales of motion.
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Fig. 1. Heat transport in atmosphere. Curves are
mean values for different months. Solid line is January
1963. Dashed curve is April 1962. Dash-dot curve is October
1962. Dotted curve is July 1962. (kj = kilojoules).
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In Figures 4 and 5 are shown a similar cal-
culation but for July 1962 and October 1962. Notice
the larger percentage of heat transport, which is
carried out by the smaller scales during July.
When it comes to transport of momentum in
the atmosphere we find a different picture. In Figure
6 we have shown the momentum transport through
the complete depth of the atmosphere as a func-
tion of latitude again for the four different months:
January 1963, April 1962, July 1962, and October
1962. Note the tendency for a large northward
transport in the low and middle latitudes with a tend-
ency for negative (or southward) transports in the
high latitudes. The transports of momentum are
largest in winter and smallest in summer.
The more detailed picture of momentumtrans-
port for the four months is shown in Figures 7 and
8. Momentum transports are shown as functions of
latitude and pressure. The maximum for momentum
transport is in the high atmosphere, especially in
January and to a much smaller extent in April.
The situation is much the same during the
summer and fall (Figs. 9 and 10) with rather
small values during the summer.
A large part of the explanation for the dis-
tribution which we have found for the momentum
and heat transport is naturally to be found in the
basic structure of the atmosphere. A part of the
wind structure can be seen in Figures 11 and 12.
These figures show the distribution of the zonal
wind as a function of latitude and pressure for two
different months, January 1963 and January 1962.
Notice the well pronounced jet stream maximum in
both months and the tendency for a secondary maxi-
mum to the north.
The cross section shown above extends only to
the 200 mb level, or a little more than 10 km. The
region of the stratosphere has not been investigated
as thoroughly as the troposphere. It has been pos-
sible, however, to investigate the averaged distribu-
tion of temperature and zonal wind for winter and
summer (Figs. 13, 14, 15, 16), temperature and
wind distributions for January and July up to about
100,000 ft. Notice the temperature reversal in the
layer from 10 to 20 km in the January temperature
cross section in the latitude belt between equator
and about 60°N. Computations indicate that although
the temperature increases from the equator to 60°N
in this layer, there still is heat transport to the
north. In other words, the heat transport is from
the cold to the warm region. This means that the
cold and warm regions must be maintained by other
mechanisms than in the troposphere.
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Fig. 2 (left). More detailed illustration of same heat transport as in Fig. 1. January 1963. TeD,total heat transport
Cetltgr, transports due to first four wave numbers. Bottom, transports due to next four wave numbers. Ordinate shows
pressure in centibars (cb).
Fig. 3 (rifltt) Same as Fig. 2, except April 1962.
The wind structure in the month of January in
the meridional cross section shows the well developed
jet stream maximum at about 40°N and at an altitude
of a little more than 10 km. In the layer between 20
and 30 km, however, we find two new wind maxima:
the polar night westerlies in the high latitudes and
the subtropical easterlies in the lower latitudes.
In July we find the reversal inthe temperature
gradient almost everywhere above 10 km with low
temperatures above the equator and warmer temper-
atures over the poles.
In the July wind structure the tropospheric
westerlies have decreased to about half of the winter
values. The polar night westerlies have now been
replaced by easterlies, while the subtropical easter-
lies still exist.
We shall next turn our attention to transport
processes of water vapor in the atmosphere. Direct
calculations of the transport of water vapor have
been made by Starr and White and by Starr and
Peixoto (Fig. 17). In the figure is shown the pole-
ward flux of water vapor in the atmosphere as a
function of latitude for the year 1950. There is a
poleward transport north of about 22°N with a maxi-
mum transport around 40°N. South of 22°N there
are equatorward transports with a maximum at
about 10°N.
Let us denote the transport by T w (Fig. 17).
Since the curve is an average for a year, and since
for such a period we might assume that we have
little if any accumulation in a given latitude zone,
we can write the following simple equation:
0T w
= P-E, VI
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Fig. 4 (left). Same as Fig. 2, except July 1962.
Fig. 5 (right). Same as Fig. 2, except October 1962.
which says that the slope of the transport curve is
equal to the excess of precipitation over evaporation.
From the curve it is seen that north of about 40°N
there is more precipitation than evaporation while
there is the opposite to the south of 40°N, especially
in the subtropical high pressure belt. More accurate
later calculations by Starr and Peixoto have given
similar results•
_, 4O
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Fig. 6. Momentum transport in atmosphere• Curves
are mean values for different months.Solid line is January
1963. Dashed curve is April 1962. Dash-dot curve is October
1962. Dotted curve is July 1962.
Finally, in Figure 18 one can see the moisture
transport in the atmosphere of the northern hemi-
sphere. The previous graphs have been obtained
from maps of this nature by taking an average
value around a certain latitude circle• Note that
there are efficient transports from south to north.
The centers of these are found in the low latitudes
where one finds the trade winds. In the trade wind
regions the moisture, so to speak, returns toward
the equator in the lower parts of the atmosphere.
Unfortunately, it has only been possible to pre-
sent a few of the many observational results which
we now have on transport processes in the atmos-
phere. For many purposes it is furthermore neces-
sary to get something better than the meridional
transports that have been presented in this lecture.
Remember, however, that the zonal averages were
obtained by evaluating the local values of the trans-
ports, which then were averaged with respect to
longitude and time afterward. It is therefore only
for purposes of demonstration that we have been
taking the different mean values.
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Fig. 7 (le[Q. More detailed illustration of same momentum transport as in Fig. 6. January 1963. T0p,total
momentum transport. Center, transports due to first four wave numbers. Bottom,transports due to next four wave numbers.
Fig. 8 (right). Same as Fig. 6, except April 1962.
Summary
The transport processes have so far only
been evaluated for momentum, heat, and moisture
in great detail. Rudimentary calculations have been
made for such quantities as ozone and certain radio-
active tracers; we do not have detailed knowledge of
these transports.
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Fig. 11. Distribution of zonal wind, January 1963.
Fig. 12. Distribution of zonal wind, January 1962.
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Fig. 14. (BotlomJ Mean-temperature profile along 80 ° W longitude for January.
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Fig. 17. Meridional distribution of poleward water
vapor flux in atmosphere. Dashed curve and s01id curve
represent estimates of this flux deduced from evaporation
and precipitation by Conrad (1936) and Benton (1953),
respectively, both after data compiled by Wust (1922).
Dots represent flux computed from atmospheric data
for 1950. Units are 1011 g sec -1
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Fig. 18. Time average of vertically integrated meridional transport of moisture in 102 g cm -1
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C Concentration
Average mean concentration
C' Deviation from mean concentration
p Density of air
3-Dimensional velocity, components: u, v, and w
S Source function
t Time
V. 3-Dimensional divergence
Time average
a' Deviation from time average
--4
K
Vector diffusion coefficient, components, Kx, Ky,and K
z
T Transport
T n Transport by wave-number n
P Precipitation
E Evaporation
Latitude
kj Kilojoule
Discussion
MacLeod -- Can you expect the same type of
transport that you are talking about for momentum
for particles, or should we look for some kind of
unique transport mechanism for air-borne particles ?
Wiin-Nielsen -- You cannot expect the same for
particles as you can for heat and momentum. The
reason is that the momentum, the heat, the density,
the moisture are what we might call / active parts of
the atmospheric dynamics. They participate in the
circulation, the thermodynamics, and the hydro-
dynamics of the atmosphere. If you change the tem-
perature one place you change the wind field, the
pressure field, and so on. Therefore, the parameters,
mentioned above, are characteristic for the dynamics
of the atmosphere. If you want to find in which way
particles are moved around in the atmosphere, I
suppose in many cases you will get into quantities
that do not take an active part in the whole circula-
tion of the atmosphere. Thus, we might expect the
transport to be different.
I might elaborate on this. Transport calcula-
tions have been made for at least some of the radio-
active tracers like rhodium. Most of the results
are still under discussion. The calculations are
based on the fact that we expect the tracer to diffuse
according to simple diffusion laws. Those of us who
have worked with heat transport and momentum
transport are becoming afraid of calculations of
this nature. We assume from the beginning that our
tracer, our particle, is always going to move down
the gradient; we now have at least a couple examples
which indicate that this is not necessarily true.
Greene--Assuming that by some unknown
mechanism we do get particles above the tropopause,
is there enough turbulence above 30,000 ft to keep
these particles suspended for more or less long
periods of time (for months or years)or would
Stokes' law prevail? Would the particles start
falling out? Is there nothing to keep them up
there ?
Wiin-Nielsen- If from Stokes' law we evaluate
the time it would take to get from, let us say 60,000
to 70,000 ft and down, we find that it would take a
very long time. If we consider the empirical results
of the particles which we happen to have put into
the stratosphere, it seems that we are able to keep
them in the stratosphere for quite a long time. The
characteristic residence time in the stratosphere is
really of the order of a month, if not a year or more.
On the other hand, if we place particles in the
troposphere where the overturning is more violent,
the characteristic residence time in the troposphere
would be somewhere from a month down to days.
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Jun_e- I havea questionabouttransportby
valelOUSwavenumbers.Youshowedandindicated
that duringthewintermosttransportis donebythe
long wavenumbers.Dotheselongwavenumbers
includethe standingeddiesaswell,or is thereany
separationbetweenthetransientandstandingeddies
assomepeoplethink?
Wiin-Nielsen-In myownheatandmomentum
calculationsI havenotdistinguishedbetweenstanding
eddiesandtransienteddies.
MaybeI shouldfirst try to explainwhatwe
meanby standingeddiesandby transienteddies.
By a standingeddywemeanthis: if youare inter-
estedin themonthofJanuaryandyouhave60maps,
two a day, andyouwantto makesometransport
calculation,thenyouwouldevaluatethetransport
eachdayandthenyouwouldaverage.It's tempting
to say, "It's a lot easier just to averagethemaps
andthenevaluatethetransportonthatmeanmap."
As youcanclearlyseeyoucan'treversetheorder.
Thetransporton the meanmapis notnecessarilythe sameas themeantransportfromall themaps.
Youcansay,however,thatthetransportyouwouldhaveon the meanmapis thekindof featurewhich
is outstanding.This featurecontrolstheaveraging
procedure;this is normallywhatwecallthestanding
eddy,the oneyoucanseewhenyouhaveaveraged
all your maps.Therestis thencalledthetransient
eddy.The groupdirectedby ProfessorStarr atMassachusettsInstituteof Technologyhasdonealot
of work in this field.Amongotherthingsthegroup
hasdifferentiatedbetweenstandingandtransient
eddies.In somemonthsof theyeartheyfindabout
anequalamountinthestandingeddyasin thetran-
sient.Thepointis thatit canbeterribly misleadingto evaluatethetransportfromthemeandistribution
of thewindfield or thetemperaturefield.
Brown--Wouldyou care to commenton the
suggestionthat onemightovercomethis by using
floatingstations,notonships,butonbuoys,andby
acquiringthedatabysatellites?
Wiin-Nielsen-I'm awareof onesystemwhich
is under considerationat the presenttime. The
systemmakesuseof a satellite,whichI will corn:
mentona little later. Therehavebeenserioussug-
gestionsthatit wouldbepossibleto uselargenum-bersof essentiallyconstant-pressureor constant-
densityballoons.Theywouldthenfloat aroundin
the atmosphereat a designatedlevel. Instruments
thereonwouldrecord temperatureandpressure.Observationof the movementof the balloon,of
course,wouldgivethe windfield. If I understand
this systemcorrectly,eachof theseballoonswouldhave a transmitter that wouldsendinformation
first to a satellite, andthendownto oneor more
collectingstations.As far as I canjudge,thesys-
tem looks promisingandeconomicallyfeasible;I
wouldn'tbesurprisedif this is whatwearegoingto
have5 to 10yearsfrom now.Thereare,of course,
a numberofquestions.Howlongwouldtheballoons
stayup?Wouldtherebe a tendencyfor thesebal-
loons,oncetheyare released,to runtogether(be-
causetheyare alsoparticlesandtheyarealsobe-
ing transported)?Wouldtheyendup in longlines?
Wouldtheyall collectin the jet stream?If theycol-
lect in the jet streamit wouldn'tbetoobadbecause
that's the regionof largestvarianceandtheregionin whichonewantsto makelotsof observations.In
addition,there is simplya mechanicalproblemof
havingthe particlesstableandhavingthemstayin
theatmosphere.
Steinberg--Dr. Mantis indicated that the
water vaporin the atmospheredecreasesthrough
the troposphereup to the tropopause,and then
starts to increaseagainas in the mixingratio.
Have your studies indicatedhow water canbe
transportedto the stratosphereto giveus an in-
creasein mixingratio?
The thing I am sayingis that youcan'tget
lazyaboutthis. Theonly thingwhichreally counts
is to evaluatethetransportquantitiesinasextensive
a networkof spaceand time as you can.Don't
averageeverythingout. If youdoaverageout you
will find at least in somecasesthat themean
waves(theso-calledstandingeddies)transportin
the otherdirectionbecauseof averagingoutcertain
partsof yourmotion.
Brown--Youmentionedthat the factthatyouhaverelatively fewstationsin certainpartsofthe
world limits the resolutionof yournetwork.Is the
maindifficulty theoceanswhereyouhavefewsta-
tions, or is it thecountriesbehindtheIronCurtain
wherecommunicationis deficient?
Wiin-Nielsen-Themaindifficulty is overthe
ocean.
Wiin-Nielsen-Wehaveagreedinourstudies
as to the distribution of water in the vertical
directionasfar asthetroposphericvaluesarecon-
cerned.As a matterof fact, whenyoucomeupto
about5 to 6 km youhavereally coveredmostof
the water.Only informationfrom thetroposphere
has goneinto my illustrations.Wehavenot tried
at any time to evaluatethetransportof waterin
the stratosphere,so I don't know.Theonly thing
whichI shouldlike to commenton in this respect
is that in someof the vertical calculationswhere
peoplehavebeentrying to, let's say, explainthe
distributionof temperaturein theatmosphere,tem-
peraturehasbeenthe mostimportantquestion.If
the water vaporpressureincreasesin thestrato-
sphere,how muchwater is there?If onetries to
accountfor the temperaturedistributionhe finds
that it is extremelysensitiveto the amountof
water in the stratosphere.As amatterof fact,one
can changethe temperaturein the stratosphere
considerablyby puttingin a fewextra gramsperkilogramof water.Althoughyour questionis most
pertinentI don'thavetheanswer.
L _,. •
Convenor: A. Belmont
Extrusion of Stratospheric Air Into Troposphere
E.F. Danielsen
Pennsylvania State University
University Park
Abstract _0 c_
Contaminants that have a negligible settling rate are
transported by the mean flow and diffused by the small-
scale eddies (turbulent deviations from the mean) after
they are injected into the atmosphere. The diffusion is
not symmetrical because the diffusion coefficients vary
with direction and because the concentration gradients are
changed by the mean flow. The latter effect, often over-
looked or underestimated in diffusion studies, can be
demonstrated by three-dimensional trajectory analyses
N65-23983
on filter papers exposed to the air stream. Both
discrete and continuous samples were taken. After a
20-minute exposure the discrete samples were with-
drawn and sealed. Upon completion of the flight they
were sent to laboratories for isotopic analyses. The
filter paper continuously exposed to the air flow was
backed by a Geiger counter. Its counting rate was
recorded on a strip chart from the time of takeoff to
landing.
Of course, the WB50's were also equipped to
make complete meterological observations which
included temperature, dew point, wind direction and
speed, cloud types, bases and tops, and subjective
estimates of the intensity of turbulence. All meas-
urements were made and recorded every 10 min-
and radioactivity observations. Effect is important when
............ / utes by an experienced weather observer.
mass is transportea Irom stratosphere to tropospnere ann _/7
it is also important when contaminants are injected intol_a_ ....
and transported in the troposphere. /k_" It was his responsibility to study tnese aata
_k_ during the flight to determine when the aircraft
_" traversed a layer of the type predicted by the theory.
One year ago today, BS0 and B57 aircraft took
off from airfields in California and New Mexico to
conduct the first mission of Project Springfield. This
project, sponsored by the Defense Atomic Support
Agency, the Atomic Energy Commission, and the
United States Weather Bureau, was organized to
verify, by radioactivity measurements, a theory of
stratospheric-tropospheric mass exchange. The
stratosphere contains the major burden of radio-
active particles produced by the nuclear bombs. It is
important to know how this debris leaves the
stratosphere; at what rate and concentration.
The theory to be tested predicts the extrusion
of radioactive layers from the stratosphere into the
troposphere. It also emphasizes transport rather
than diffusion as the dominant mode of exchange.
If a layer was detected and its boundaries determined
he was directed to initiate a predetermined flight
pattern to obtain filter samples.
As director of the project it was my responsi-
bility to try to predict weather patterns favorable for
layer formation and then to select the optimum flight
tracks and altitudes for the aircraft. To assure avail-
ability of aircraft in a large-scale project of this
type, an alert was issued 72 hours in advance of
a mission. This was followed by 48-hour and 24-hour
communications. To assist the observers and pilots I
issued a detailed forecast just before takeoff. The
forecast included the location of the layer, its thick-
ness, wind shears, and temperature gradients. Using
the predictions as a guide they began their search.
If the theory were proven correct it would
challenge the accepted concepts of radioactive fall-
out, clarify the roles of transport and diffusion in
the production of both wet and dry fallout, and also
lend credence to a special method of atmospheric
trajectory analysis.
The B50's, more specifically the WBS0 weather
reconnaisance aircraft, were equipped to sample the
radioactivity by capturing the radioactive particles
The BS0's were more capable of detecting and
monitoring the layers so their flights were restric-
ted to the troposphere _vhere layers were expected.
The B57's were flown above them to obtain samples
from the stratosphere and upper troposphere. They
were assigned flight tracks perpendicular to the
axis of the jet stream that they located by monitor-
ing their drift angle. Their sampling positions were
then determined relative to the jet core.
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Before we discuss the flight and sampling
data let us establish a visual context through a
sequence of schematic diagrams. We shall view the
layer formation in two dimensions by making a
vertical cut through the atmosphere perpendicular
to the wind flow. The upper left diagram in Figure 1
depicts a simple initial state of the atmosphere. The
stratosphere is toned gray, the troposphere is
white, and the heavy line separating them is the
tropopause. The thin lines that slope upward to the
north in the troposphere and downward to the north
in the stratosphere are isolines of potential temp-
erature. The vertical spacing between these lines
forms the basis for distinguishing between the
stratosphere and troposphere.
The air parcels along a particular theta line
do not actually have the same temperature, but
each parcel has the potential to attain the same
temperature if compressed to the same reference
pressure. For example, an air parcel at 500 mb
with a temperature of -27 C will warm to +27 C
if compressed to 1,000 mb without gain or loss
of heat. We could therefore label this parcel with
an e= +27 C or 0 = 300 K even though its actual
temperature is 246 K.
Thus we see that if no heat is added or sub-
tracted from a moving parcel it conserves its value
of theta; it is in this sense tagged. Since dry air is
a poor radiator and conductor we can assume, as a
first approximation, that its theta is conserved. In
Figure 1 the theta lines are not labeled, but if they
were, the values would increase to the south in the
troposphere and increase with height everywhere.
As I mentioned, the distinction between the
stratosphere and the troposphere is based essentially
upon the vertical separation between consecutive
theta lines. Where these lines are closely spaced in
the vertical, the stability is high; where the lines
are widely spaced in the vertical, the stability is low.
This refers to a parcel stability and tells one about
the tendency for bouyancy forces to return a parcel
to its initial position if it is displaced vertically.
Now let us consider the formation of the
layer and the accompanying changes in the theta
lines. In Figure 1 is shown how the stratosphere
and troposphere can change from a simple distribu-
tion into a more complex distribution, one in which
the temperature gradients, that is, the horizontal
and vertical spacing of the theta lines varies, and
the characteristic shape of the tropopause varies.
Proceeding from the upper left, to upper right, to
lower left we notice a steepening, and then a folding
of the tropopause. As the tropopause folds, the
stratospheric air in the folded layer descends and
moves southward along the constant theta lines.
dort4_ So.th
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Fig. 1. Vertical cross sections showing steepening and folding of tropopause. Thin lines are potential isotherms,
constant theta lines, with theta increasing upward. Heavy line is tropopause. Diagram in lower right depicts a conventional
analysis of diagram in lower left.
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Simultaneouswith the folding,thethetalines
in thetropospherechangeboththeir horizontaland
vertical spacings.Thetendencyto concentrateis
calledfrontogenesisandtheconcentrationcontiguous
to thefoldedlayer wouldbe calledafrontalzone.Noticethat the concentrationextendswell intothe
stratosphericair. This is significantbecausein the
frontal zoneandin thefoldedlayer thehorizontal
temperaturegradientsaresimilarandthestabilities
aresimilar. If a meteorologistis notcognizantof the
foldingprocesshe will assumebothare butone
frontal zonethat extendsup to a smoothedtropo-
pause,as shownin thelowerrightdiagram.Inthis
casethe entire frontal zonewouldbe considered
astroposphericair.
Obviously the two lower diagrams imply
drastically differentdistributionsof stratospheric
air. They also imply different distributionsof
radioactivityandotherstratospherictracers such
as ozone.Trajectories computedon surfacesof
constantheta indicatethatthe lower left analysis
is correct. The distribution of anotherquasi-
conservativemeterologicalquantitycalledthepoten-
tial vorticityalsosupportsthe lowerleft analysis.Direct measurementsof thedistributionof radio-
activitywill solvetheproblem,so let usnow turn
to theflightdata.
On April 18,1963two B50'sandtwoB57's
weresentto thesouthwesterncornerof Wyomingand
assignedasoutheastflightheading.TheBS0'swere
delayedoverWyoming.Becauseof cloudstheyhad
difficultyobtaininga clearanceto crosstheairways.The loweraltitudeaircraft abortedandtheupper
aircraft only hadtimeto completethefirst portion
of themission.Thecrosssectionshownin Figure2
waspreparedfrom the flight dataandtheregular
radiosondedata.TheanalysisextendsfromBoise,Idahoto Midland,Texas.Linesof constantthetaare
drawnin blackat a 2-Kinterval.Thethinhorizontal
line representsthepathof theBS0aircraft. (Lines
of constantwindspeed,drawnin red on thecolor
slide, havebeenfilteredfor blackandwhiterepro-duction.)
Whenthe aircraft traversedthe layer the
windspeedincreasedby 65knots,thetemperature
increased20K. Threeradioactivitysamplesweretaken.Thefirst at the turn,thesecondjustbefore
re-enteringthe layer, and the third in the layer.
The total activity of thesesamplesexpressedin
units of disintegrationsper minuteper standard
cubicfoot of air (dpm/scf)wasplottedatthesam-
pling site. Southof the layer the activitieswere
low, 1.9and2.3dpm/scf.In the layertheactivity
washigh,136dpm/scf.Thelatter comparescloselyto the activities of the B57samplestakenin the
stratospherenorthof the jet whichwere114,161,
and180dpm/scf.
In additionto thesediscretesampleswehave
the continuousrecordof thecountingratefromthe
exposedfilter. Therecordindicatesuniformlyhigh
radioactivity throughthe entire zoneandshowsa
rapidchangeto lowactivityin thehoposphericair.
This datasupportsthe lower left analysisof Fig-
Ure 1 but leavessomethingto be desired, i.e.,
measurementsat loweraltittudes.
Threedays later we had another chance and
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this time all went well. The cross section for this
mission is presented in Figure 3 on a more expanded
scale. The theta interval in this case is 4 K. In
sympathy with the observed snow showers the clouds
are indicated by dashed lines. Note that the cloud
tops decrease in elevation with the layer.
Both B50's traversed the layer twice, then
changed altitude and traversed it again; therefore,
we have discrete samples and continuous counting
rates at 19, 21.5, 24, and 26,000 ft above sea level.
South of the layer the activities were close to 2 dpm/
scf. In the layer the upper aircraft No. 2 obtained
two samples of 92 and 68 dpm/scf. Aircraft No. 1
did not take a sample in the layer at 21,500 ft. but
did at 19,000 ft. The latter activity was 20 dpm/scf.
The continuous counting rate for the first two
traverses of aircraft No. 2 is shown as a heavy line
in Figure 4. On the same diagram the temperatures
measured every 10 minutes are connected with a
thin line. Appropriate scales are on the left and
right, respectively. Since the filter continually ac-
cumulated debris the counting rate was proportional
to the integrated activity. Thus the activity itself,
was proportional to the slope of the curve. The
slope increased rapidly when the aircraft entered
the layer, remained approximately constant in the
layer, then decreased rapidly as the aircraft re-
entered the tropospheric air. The layer was well
defined by both the radioactivity and the tempera-
ture. Once again the temperature change was a big
20K. The oscillation in slope in both traces at
2210Z was not a property of the layer, rather it was
due to a change in flight path relative to the layer.
After re-entering the layer the pilot turned 90 ° left
to sample upwind. The layer had changed its orien-
tation so the aircraft approached the warm bound-
ary again.
After two traverses the counting rate exceeded
6,000 cpm. For comparison the counts per minute
for flights in tropospheric air are presented in
Figure 4. Over the same time interval they in-
creased only a few hundred counts above background.
I mentioned before, aircraft No. 1 did not
sample in the layer at 21,500 ft, but a continuous
record was made during flight. It is shown in Fig-
ure 5 directly beneath aircraft No. 2's record. The
temperatures were warmer, as they should be at
the lower altitude, and the traces did not change
slopes at 220Z because aircraft No. 1 did not turn
to sample; everything else was almost identical. We
know, then, that the concentration at 21,500 ft was
the same as at 24,000 ft. This in turn was only
slightly less than the concentrations at 29,000 ft and
28,000 ft. The continuous records and the samples
indicated that the stratospheric flow was not mixing
with the tropospheric air between 28 and 21,000 ft.
At 19,000 ft, however, the continuous record showed
two tilted steps within the layer. This suggested
that mixing was occurring and the sample at this
level confirmed it, since its activity was only
20 dpm/scf.
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Fig. 2. Vertical cross section for April 19, 1963. Potential isotherms drawn at intervals of 2 K. Total activity at
point of sampling expressed in disintegrations per minute per standard cubic foot of air.
All the evidence from these two and other
missions confirms the theory of tropopause folding
and the extrusion of radioactive-laden air from the
stratosphere into the troposphere.
The uniformity of the radioactivity in the
layer and the sharp gradients at the boundaries
corresponded closely to the distribution of potential
vorticity. Both distributions support the view that
transport rather than diffusion is the major mode of
stratospheric-tropospheric exchange. The evidence
of mixing also coincides with the transition from
large to small potential vorticity and it suggests
that the mixing is along the theta surfaces not
normal to them.
We have considered the tropopause folding in
two dimensions. Now I should like to convey to you
the three-dimensional trajectories characteristic of
the extruded stratospheric air. In Figure 6 is illus-
trated a family of trajectories that fans out from
the stratosphere. Initially, all of the trajectories
descend. The right hand branch of the flow, facing
downstream, continues to descend to low elevations.
As it descends the air decelerates and curves to the
right. At low elevations it forms the easterly circu-
lation to the south of a high pressure cell. This
branch of the flow transports radioactivity and ozone
to low elevations where turbulent mixing generated
at the ground mixes the radioactivity down to the
earth's surface. Therefore we can assume that this
branch produces dry fallout.
The other branch, the center and left side of
the flow, descends until the air reaches the trough.
East of the trough its vertical velocity becomes
Fig. 3a (top). Vertical cross section for April 22, 1963. Thin continuous lines are potential isotherms. Thin dashed
lines describe wind speeds in knots at intervals of 10 knots. Heavy lines serve as reference lines for Figure 3b.
Fig. 3b (botto_). Flight paths of B50 aircraft and total activity of B50 and B57 samples. Refer to Figure 3a.
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Fig. 4. Record of activity on continuously exposed filter paper and record of observed temperature at 24,000 ft on
April 22, 1963. Activity is expressed in counts per minute.
positive. It ascends as a dry layer above ascending
moist or saturated air. Initially the layer acts to
suppress cumulus cloud development. But the s_rati-
fication of dry over moist is potentially unstable and
with ascending motion the instability is realized.
Suddenly, rain showers and thunderstorms
develop along the leading edge of the extruded layer.
The thunderstorms penetrate the layer and mix the
stratospheric air into the precipitation-generating
cells. By this process the radioactivity is incor-
* :7 t
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Fig. 5. Activity vs. temperature as observed by aircrafts No. 2 at 24,000 ft and No. 1 at 21,000 ft, April 22, 1963.
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poratedintotheprecipitation,andwetfalloutresults.
From this briefdiscussionwecanappreciate
howthestratosphericair contributesto boththedry
andwet fallout. I wanto emphasizethattheentire
processof exchangefrom stratosphereto ground
canoccurin 24to48hours.
Thetrajectoriesshownin Figure6 aretypical
of thosecomputedonconstantthetasurfacesto the
westof adevelopingcycloneor lowpressuresystem..
Whenstormsdevelop,the increasein kineticermrgy
is suppliedby adecreasein potentialenergy,or in
otherwords,a decreasein the heightof theair's
centerof mass.Thisrequiresa sinkingof thecold
air andrising ofthewarmair.Obviouslywithdevel-
opmentthe air doesnot travel horizontallyor at
constantpressure.Theair sinksthroughthepres-
sure surfaceswest of the trough and ascends
throughthemeastof the trough.Thisphenomenon
Fig.6. Characteristictrajectoriesofextrudedstratosphericairwithreferencetoasurfaceweathermap.
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leadsto erroneoustrajectoriesif theyare com-
puted at constantpressure.Theerrors are by no
meansinsignificant(Fig. 7). In Figure7, thetra-jectory labeled"isentropic"couldalsobe labeled
"constantO" since the entropy is proportional to
theta.
We have seen how the descending motions
might transport stratospheric air to low elevations.
The opposite set of conditions is equally probable.
In regions of warm advection the southerly flow
ascends and accelerates. Within 24 to 48 hours spores
or other surface air pollutants can be transported to
15 to 30,000 ft where they move rapidly eastward in
the upper level jet. An example of these ascending
trajectories over the southeastern United States is
presented in Figure 8. In this case, the air ascending
from western Cnba, dashed line, increased in speed
from 6 m/second to 60 m/second in 24 hours. Its
speed continued to increase as it shot across the
north Atlantic. Over Europe it might have entered the
stratosphere, but more probably it descended again
in a manner similar to that shown in Figure 6.
There is also another method which may carry
surface pollutants to high elevations. This is illus-
trated in Figure 9 by the column of dust that reached
to 20,000 ft. Vigorous vertical mixing caused by
intense surface heating of dry soil and a downward
transl_rt of high momentum stirs the air and c_il'-
ties the surface contaminants upward. Aloft, the
high wind velocities then transport the dust or
spores to higher elevations.
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Summary
We have seen evidence of the folding and
extrusion of stratospheric air. The evidence also
supports the concept of a downward stratospheric-
tropospheric transport rather than a diffusive mix-
ing across the tropopause. I have also indicated
Fig. 7. Difference between a trajectory computed
at constant pressure and at constant theta or entropy.
how surface or near surface air can be rapidly
transported to great heights and enter the strato-
sphere. These circulations are related to the devel-
opment of the mid latitude storms and should be
expected to occur with each major storm develop-
ment.
Nomenclature
dpm/sef Disintegrations per minute per standard cubic
foot of air
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Fig. 8 (top). Trajectories com-
puted at O= 30C and 50C. Wind speeds
in meters per second are plotted adja-
cent to each trajectory.
Fig. 9 (bottom). Vertical cross
section for April 22, 1963 showing ver-
tical extent of dust layer produced by
vigorous mixing of high momentum to
the earth's surface.
WIN_Uow
mb 1000 ft
DANIEI__EN- STRATOSPHERIC AIR EXTRUSION INTO TROPOSPHERE
Discussion
35
Belmont--Is there any difference in magni-
tudes of these vertical motions say, from those
moving from the north and those moving from the
south?
Danielsen -- The magnitudes I calculate from
the isentropic trajectories in the north-to-south
motion, which is the descending branch, are fre-
quently of the order of 12, 15 cm/second. These
compare to 30, 40, and 50 m/second for the hori-
zontal motion. The vertical velocities are small,
but they are significant because the air is a thin
film.
The trajectories calculated in the ascending
branch are much more complicated. They are often
associated with the release of heat. Condensation
processes are going on, so one must add a diabatic
term to the calculation. I've been plagued with dif-
ficulties where the vertical mixing processes are
active, so I can't state reliably the values of the
ascending motion. They may range between 15 cm/
second for the average flow to large values in
ascending cumulus cells.
Mantis--I hate to interject a parochial dis-
cussion into this biological conference, but I think
your major point is well taken and correct that the
cyclone-scale motion pumps the stratospheric air
out of the stratosphere. Wouldn't you be willing to
say, however, that that is a major point and that
some of the rest isn't a necessary part of the whole
argument? The descending motion doesn't have to
look exactly the way your model shows it. Meteor-
ologists all know that we've never found a frontal
situation like those one sees in the textbooks, so
I'm suggesting that we should concentrate upon this
major point and not upon the details of the process.
Danielsen--I did not mention that there is a
meteorological parameter one can use to identify the
stratospheric air after it leaves the stratosphere.
It's called the potential vorticity. I didn't go into it
because it is complicated; but let's grant that there
is such a parameter. If one measures the potential
vorticity and radioactivity one finds that the potential
vorticity correlates positively with the radioactivity.
This correlation indicates that the stratospheric air
comes down from the cyclonic side, that is, the north
side of the jet stream, and fans out in the manner I
discussed. There is also good evidence now that the
downward transport of high potential vorticity is
important in cyclogenetic phenomena. I'm not so
willing to dismiss it. I think it is an important
aspect not only of the cyclogenetic process, but also
of the large-scale transport of momentum, radio-
activity, and ozone down to lower elevations.
I directed another project in November 1963
at the U.S. Weather Bureau's Numerical Prediction
Center. A. Gustafson, one of their research meteor-
ologists, has developed a machine program for
computing and analyzing isentropic charts for the
whole northern hemisphere. He agreed to calculate
similar isentropic charts for me during the project.
I chose three isentropic levels each separated by
10 ° : 290, 300, and 310 Celsius. The potential vor-
ticity was calculated on the intermediate, 300 °,
_L
surface. Some interesting things occurred. When I
traced the air motions on these charts and made
prediction of cyclogenesis on this basis, I found that
in the two places where strong cyclonic storms
developed, over the eastern part of the United States,
one could see the downward transport of momentum
and potential vorticity.
Neither of these storms was predicted by the
current two- and three-level prediction models. In
a discussion with Dr. Cressman, the director of the
Numerical Center, I pointed out that the lack of
vertical resolution in the momentum was responsible
for the prediction failure. He then recalculated one
case using his new four-level research prediction
model, which has a datum level at 300 mb where
the high momentum occurred. This model predicted
cyclogenesis.
Phillips --I am in an entirely different profes-
sion, so I want to make sure that I understood you.
You gave a good example of the way by which a
certain amount of tropospheric air can be brought
into the stratosphere. The interest in the troposhere
is that only here can you have any biological
materials present in any great amount. One must
obviously, of course, have an equal amount of air
returned or else he runs out of stratosphere. You
brought up examples of dust over a storm area that
would get up about to the tropopause. Do you think
there is much transport through the boundary, and
once aerosol particles get into the stratosphere,
will they be mixed and well distributed in the
stratosphere ?
Danielsen--We're trying to study this now.
As I pointed out, however, the ascending branch of
the flow is more difficult to study because one must
consider diabatic processes. I have worked on two
cases that indicate an intrusion process, that is,
where tropospheric air is drawn into the strato-
sphere. When the tropospheric air enters the strato-
sphere it usually undergoes strong vertical stretch-
ing and destabilization. This is the potential vorticity
concept. As the air enters the stratosphere its
vorticity becomes more cyclonic and its stability
ciecreases by vertical stretching. The reduction in
stability reduces the barrier to vertical mixing. One
might expect, therefore, that the process of intrusion
would lead to vertical mixing and the diffusion of
tropospheric pollutants in the stratosphere. Moisture
could enter the stratosphere by the same process.
One other observation is quite important (con-
cerning the mass budget of the stratosphereS. To
date, of the thousands of measurements of radio-
activity I've looked at, I have yet to find a measure-
ment of high potential vorticity in the stratosphere
associated with low radioactivity. This must mean
that the high values of potential vorticity originate
at rather high elevations on the cyclonic or north
side of the jet. There also must be a systematic
downward diabatic transport north of the jet. It also
implies that the air entering the stratosphere enters
at higher values of theta, higher potential tempera-
tures. Then it either mixes diabatically or cools,
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and leaves the stratosphereat lower valuesof
potentialtemperature.I suspecthat thethunder-
stormssin the tropical convergencezoneplay a
I'atherimportantrole in this exchange.becausetheyhave the greatestpotential for pumpingtropo-
sphericair to thehighestvaluesof theta,wherethe
air can enter the stratosphere,movenorthward,
and sink. This route follows that takenby the
tungsten185,whichwasdepositedat about12°
northlatitude.
Anotherfactoronemustrecognizeis thesea-
sonalvariationin the amountof air in thestrato-
sphere.It increasesduring the fall andwinter,decreasesduring the spring,so theremustbea
differencein thenetinflowandoutflowbyseasons.
Cole- I havetwo questions.Numberoneis a
confirmationthatyousaid youhaveobservedthis
duringeverycyclogenesis.Numbertwois, haveyou
doneanythingonamesoor microscaleof asimilar
nature?
Danielsen-- PerhapsI shouldqualifybysaying
thateverycyclogeneticaseI havestudiedindicates"
this. Theremaywell becyclogeneticasesthatdo
nothaveastratosphericoutflow.Atpresentweare'
workingwithanumericalpredictionmodel,consist-
ing of 18isentropiclevels.Wearetrying to setup
properinitial conditionsto see if thetendencyfor
tropopausefoldingis real. I thinkthetendencyfor
folding is characteristicof the wholeatmosphere
notjust thetropopause.
No, (secondquestion)I haven'tanalyzedthe
motionson a smallerscalebecauseit goesback
to the pertinentpointDr. Wiin-Nielsenraised,thatyou're defeated;youdon'thavethe data.Recently
we ran a specialproject in the southeasternpart
of the UnitedStatesto obtainmoreaccurateand
frequentdata. Radiosondeswere releasedevery
hour-and-a-halfat threestationsandeverythree
hoursat agrid of WeatherBureaustations.Wealsotrackedsomeof the radiosondeballoonswith the
FPS-16precision radar.Wehaven'treceivedthe
data yet but this datashouldpermit analysisof a
smallerscale.
#• =
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High Altitude Sampling Systems
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Abstract '_q_
The Fallout Studies Branch of the Division of Biology
and Medicine, Atomic Energy Commission is actively
engaged in the research and development of stratospheric
sampling systems for the collection of radioactive par-
ticulate and gaseous contaminants. Operational balloon
sampling sites are maintained at Goodfellow Air Force
Base, San Angelo, Texas, and Mildura, Australia. The
sampler systems under development fall into two cate-
gories: 1) balloon borne from 65,000 to 130,000 ft altitudes,
2) rocket borne from 130,000 to 250,000 ft altitudes. The
balloon-borne samplers under development employ either
filter paper, impactors, or electrostatic precipitators as
the collection mechanism. The rocket-borne samplers
will employ either large area filtration, cryogenic freeze-
out, or cryogenic sorption as the collection mechanism.
The operational requirements of altitude capability, sample
size, and sampler system recovery and the designparam- j
eters of weight, sampling rate, vehicle, and sampling_ 7
mechanism are described.
The high altitude sampler development pro-
gram of the Fallout Studies Branch is an integral
part of the atmospheric radioactivity and fallout re-
search program of the Division of Biology and
Medicine, U.S. Atomic Energy Commission (AEC)
(1). The basic aims of this program have been 1) to
determine the actual activities of atmospheric radi-
oactivity at various altitudes of the upper atmos-
phere, 2) to develop improved samplers and tech-
niques, both balloon-borne and rocket-borne, 3)to
improve sampling efficiency and reliability, and 4)
to extend the sampling capability to higher alti-
tudes. The high yield and high altitude nuclear test
explosions of 1958 to 1960 and 1961 to 1962 injected
considerable amounts of radioactive debris into the
upper stratosphere and mesosphere, creating the
need for extending and developing the sampling
capabilities to higher altitudes than were currently
being reached by balloons (6).
In the future it is reasonable to expect that
even with an effective weapons test'ban treaty, the
continued development of peaceful uses of nuclear
energy, particularly in space, could contribute
measurably to the existing levels of atmospheric
radioactivity. Programs for the development of
nuclear reactor powered rockets (ROVER program),
and the utilization of systems for nuclear auxiliary
power (SNAP) devices for electrical power sources
are under way. The potential hazards from releases
of relatively long-lived isotopes (Sr 90 in some
SNAP devices) due to burnup and disintegration
during re-entry, from reactor-powered rocket efflu-
ents, and from releases due to planned or accidental
destruction (aborts) must be considered and care-
fully evaluated.
The Atomic Energy Commission balloon sam-
pling program was initiated in 1956 to obtain
stratospheric particulate samples for radioactivity
measurements. From these samples, the activities
and distributions of the radionuclides of interest
(Table I) are determined. These data in conjunction
with similar data from Department of Defense high
altitude sampling programs (HASP and Stardust)
(7), AEC ground level precipitation and air samples,
and with meteorological support and interpretation
by the U.S. Weather Bureau are used to estimate
the radioactive debris residence times and inven-
tories at the various altitudes, to further the under-
standing of atmospheric transport, circulation and
mixing, and to predict the deposition rates and
world-wide distribution of the radioactive fallout
when it ultimately reaches man's environment.
In 1956 balloon sampling sites were established
with the cooperation of the U.S. Air Force at two
United States locations: in the Panama Canal Zone
and in Brazil. In 1959 these were reduced to one U.S.
site, San Angelo, Texas (31°N), operated by the U. S.
Air Force; a southern hemisphere site at Mildura,
Australia (34°S), operated by the Australian govern-
ment was established. Monthly sampling flights at
65,000, 80,000, 90,000, and 105,000 ft are currently
being made at these two locations.
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Table I
Isotopes Analyzed on Filter Samples*
Radionuclide Source & Interest
Mn 54
Fe 55
Sr 89
Sr 90
Zr 95
Rh 102
Sb 124
Cs 137
Ce 144
Cd I09
Ba 140
C e 141
pm 147
pb 210
po 210
Be 7
p32
USSR fall 1961 series
USSR fall 1961 series
Fresh fission debris
Long-lived fission debris
Fresh fission debris
U.S. high altitude Orange shot,
Aug. 1963
USSR fall 1961 series
Long-lived fission debris
Long-lived fission debris
U.S. high altitude Starfish shot,
July 1962
Fresh fission debris
Fresh fission debris
Long-lived fission debris
Naturally occurring isotope
Naturally occurring isotope
Cosmic ray induced isotope
Cosmic ray induced isotope
*Health and Safety Laboratory-138 Fallout Pro-
gram Quarterly Summary Report, July I, 1963.
The first operational high altitude sampler,
nicknamed "Ash Can," was developed by General
Mills, Inc. in 1956 (Fig. 1). The Ash Can sampler
used a centrifugal blower to pull the air through
5 ft 2 of cylindrically mounted filter paper (IPC
1478) at face velocities of approximately 100 fpm.
The physical properties of IPC 1478 filter paper
are shown in Table II.
At this face velocity the filter media were
only 25 to 50% efficient for the retention of sub-
micron particles; the samples obtained showed
poor reproducibility.
Further laboratory investigation (8, 2) showed
that the efficiency of IPC 1478 filter media for the
retention of submicron particles increased with
increasing face velocities and decreasing absolute
pressure. (Maximum retention was at face velocities
of > 500 fpm.) Other filter media with high retention
for submicron aerosols have been examined, but all
are relatively less useful for high altitude air sam-
pling applications due to their high pressure drop-
flow relationships that would require the use of large
unwieldy areas of the filter media to obtainthe same
volume of flow.
Because of its low pressure drop and relatively
high efficiency at high flow rates, IPC filter media.
were used by General Mills, Inc., inthe initial devel-
opment of the direct flow sampler system in 1957 (9).
This sampler used 1 ft 2 of IPC filter media mounted
normal to the air flow produced by.a centrifugal
blower (Torrington 704) driven by a 1/2 hpdc motor
(Westinghouse) (Fig. 2). With this air mover and the
reduced area of filter paper, face velocities above
500 fpm and increased collection efficiencies were
obtained up to altitudes of 90,000 to 100,000 ft. The
direct flow system has been continually improved
since its inception, by the removal of the 40-ft
polyethylene exhaust ducts that contributed to motor
burnout by twisting and kinking, improved doors,
latches and dust seals, and a reduction in weight
through the use of aluminum spinnings and improved
assembly methods. The latest model, known as
DFS-2B (Fig. 3), is currently operational at both
balloon sampling stations and has extended the
sampling altitude to 105,000 to ll0,000ft. InTable III
are shown typical volumes and ambient sampling
rates at the various sampling altitudes.
Concurrent with the sampler development
has been the development of altitude sensors and
flowmeters. The reduction and interpretation of the
sample data require an accurate measure of the
ambient volume sampled and the ambient pressure.
Initially the ambient sample volume was determined
from telemetered fan rpm data using fan rpm vs.
flow rate at applied voltage relationships supplied
by the manufacturer. This proved unsatisfactory due
to telemetry failures, motor burnout, erratic rpm
data, lack of control of the applied voltage, and
unreliability of the voltage-rpm-volume flow rela-
tionships as the sampling altitude was increased
from 90,000 to ca. 105,000 ft. This led to the
development by General Mills, Inc., of the PR-2
flowmeter, a low drag, propeller type anemometer
having an output that is a linear function of the
volume flow. Each 100 revolutions of the propeller
is registered on the electromechanical counter
(Veeder-Root).
Table II
Physical Properties of Institute of Paper Chemistry
IPC Filter Media*
Mat erial C ellulos e
Mat thickness 0. 084 cm
Avg. fiber diameter 17
Fiber density i. 49 g/cm 3
Bulk density 0. 189 g/cm 3
Avg. pore diameter 170 ± 60
Porosity 90%
Fiber volume 10%
*Filter media is impregnated with Kronisol, an
organic adhesive, to improve particle retention.
Kronisol is di-butoxyethyl phthalate
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Fig. 1. Ash Can balloon-borne filter system. (Upper left), filter frame and housing. (Upper right), entrance door 
(Lower right), fi l ter  f rame showing open showing head of filter frame. 
detail of magnetic tachometer. 
(Lower left), blower end showing blower and motor. 
Exhaumt 
Flowmeter, P R  
Butterfly Door8 Motor-B 
Torringt 
\ Filter Collector 
IPC 1478 Paper 
/ 
Tachometer (Optional) 
Fig. 2. Direct flow sampler,  schematic. 
The early Ash Can samplers used smoked 
disc hypsometers and barographs to record altitude. 
These were replaced by the barocoder, an aneroid 
device with telemetry. 
The B-58 high altitude barotransmitter, de- 
veloped by General Mills, Inc. to replace the baro- 
coder, uses an aneroid pressure altitude sensor 
from 0 to 90,000 ft having an accuracyof *500 ft and 
an ionization type digital pressure transducer from 
90,000 to 140,000 ft having an accuracy of *1,000 f t  
and a resolution of 500 ft. The signal i s  telemetered 
and the unit can serve in a dual capacity as  a radio 
direction finder source. The B-58 barotransmitter 
is currently in use on sampling operations at San 
Angelo, Texas. 
Experience with the direct flow system (DFS) 
indicated that the altitude region of 100,000 to 
110,000 f t  was probably the ceiling for efficient, 
reliable operation primarily due to payload weights 
and blower limitations. To extend the direct flow 
sampler concept to altitudes above 110,000 f t  would 
require either a reduction in the overall system 
40 CONFERENCE ON ATMOSPHERIC BIOLOGY 
Fig. 3. Direct flow sampler. 
pressure drop or  an increase in the air-moving 
capability. The system pressure drop could be 
reduced by increasing the filter area or  by using 
lower pressure-drop filter media; however, the 
problem of heat dissipation of electrically driven 
fans or blowers becomes more acute as  the ambient 
a i r  density decreases. Also the weight of batteries 
required for the long sampling periods soon be- 
comes prohibitive. 
With the advent of high-altitude nuclear-debris 
injections, further emphasis was placed on the 
development of a light weight, high volume, balloon- 
borne sampling system capable of extending the 
sampling range to the 120,000 to 150,000 ft region. 
During 1961 to 1963 General Mills, Inc. 
established the feasibility, designed, and built two 
experimental models of an a i r  ejector powered 
filter sampler (4) that theoretically would operate 
up to the ultimate balloon ceiling (Figs. 4,  5). 
The mechanism of the a i r  ejector operation i s  
relatively simple. A jet of high velocity primary gas 
is injected into a constant area mixing tube f rom a 
carefully sized nozzle. The high velocity primary 
gas expands and by a turbulent exchange of momen- 
tum creates a partial vacuum causing the secondary 
or ambient air to flow through the system. Mass 
augmentation factors of ca. 3 (mass of ambient 
air/mass of primary air) have been obtained on the 
recent test  flights using pressurized N2  as  the 
primary gas. Nitrogen gas and compressed a i r  
appear to be the most practical of the primary 
gases investigated. 
A two stage, multi-jet, impactor-filter sampler 
(5), having a first stage cutoff at 0.3 c1 and a second 
stage cutoff of 0.03 P is being developed for use 
with the a i r  ejector. 
It has been predicted that air ejector powered 
5 3  systems will be able to sample 10 ft of ambient 
air at ca. 1,000 cfm up to altitudes of 150,000 ft. 
The a i r  ejector system will not have the heat 
dissipation and battery load problems inherent in 
air-density-dependent electrical blower systems. 
In addition, the sampling time, rate of sampling, 
sample volume, and filter media area can be varied 
to meet specific sampling requirements. In Figure 6 
is shown the time required for sampling and the 
sample volume obtained for the current experimental 
air ejector powered sampler. Evaluation flight testing 
of a i r  ejector systems will continue through 1964. 
' 
- 
An electrostatic precipitation sampler system 
is being developed by Del Electronics Corp. The 
feasibility study Model I sampler has been success- 
fully flight tested at 105,000 f t  and 127,000 ft (3). 
This system was of a single-stage coaxial wire in 
cylinder configuration (Figs. 7, 8). Sampling flow 
rate was designed for 100 cfm, but it. was found that 
particle charging was  more efficient than theory 
had predicted, particle deposition was almost simul- 
taneous with charging, and corona current values 
were conservative indicating that a higher sampling 
rate could be used. A s  a result the second (105,000 
ft) and third flights (127,000 ft) were at 200 cfm 
flow rate.  Radiochemical data from the two 105,000- 
ft flights showed excellent agreement with that from 
the DFS samplers flown alongside. Design criteria 
for the prototype sampler a r e  to sample 500 scf at 
150,000 f t  altitude, and maintain a total weight of 
Statn1e.s Steel 
Backup Screen 
I P C  1476 
F'rlfer P iper  7 
Bvtterfly 
Closure Door 7 
P R - 2  
Flowmeter 
Exhanet 
Fig. 4. A i r  ejector powered filter sampler ,  sche- 
matic. 
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TableIII
DirectFlowSampleData,October1963,SanAngelo,Texas
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Samplevolume Samplingrate, Sampling
Altitude,ft ft3, STP* acfm** time, rain
65,000 1,905.3 637.5 45
1,990.3 665.9
80,000 1,770.9 642.7 83
1,831.6 664.7
90,000 1,483.4 557.5 136
1,494.6 561.8
105,000 895.4 337.5 240
823.9 310.5
*Standardtemperatureandpressure.
**Ambientcubicfeetperminute.
Note:Twosamplersystemsflownoneachflight. DatabasedonPR-2flowmetercounts.
less than70 lb. Designconceptsto accomplishthis
envisiona modularconfigurationusinga 2,000cfm
electric poweredfan asthe air mover.In contrast
to the filter andimpactorsystems,thissystemcan
usea fanbecausethesystempressuredropwill be
low.Thesamplerwill employclustersof strippable
copper-coatedmylar cylinders geometrically
packedto minimizetheoverall size. Eachcylin-
der will bea single-stagecoaxialwire-in-cylinder
precipitation section,approximately2-1/4 inch
diameter by 24 inch long, rated at ca. 50cfm.
Themodulewill bewired in parallel to minimize
the lossof samplingin theeventanycylindersin
the clusterfail. Thus,to sample500scf,at 150,000
ft a modularclusterof 37cylinderssamplingat1,850cfm will be required.In TableIV is shown
samplevolume vs. altitude for two flow rates
andtwoconfigurations.
Del hasalsodevelopedanaltimeterbasedon
theair-density-dependentdischargecurrentbetween
two electrodes.A recordingversionof this instru-
ment has beensuccessfullytest flownandis now
beingminiaturizedandredesigned"for telemetry.
Aniontracer typeflowmeteris alsobeingdevelopedfor usewith theprototypesampler.It is estimated
that this samplersystemwill be readyfor flighttestingbymid1965.
In TableVaresummarizedboththeoperational
anddevelopmentalballoonsamplingsystems.
IPCFilter mediaweredevelopedfor andhave
beenused extensivelyin air samplingprograms
since 1949.Its physicalandchemicalproperties,goodretentionfor submicronparticles,andadapt-
ability to radiochemicalanalysisweredrawnonfor
usein thehighaltitudesamplers.
The electrostaticprecipitatorwill uselessthan1 g of pure copperas thedepositionsurface.
After acid solutionof the sampleandcoppersub-
strate,thecoppercaneasilyberemovedandradio-
chemicalanalysisof thesampleperformed.
Neither IPC filter paper samplesnor the
electrostatic precipitatorsamplesare useful as
takenfor microscopicanalysesor particlesizing.
TableIV
ModelII ElectrostaticPrecipitator,SampleVolumevs. Altitude
Samplingrate, acfm* 950 i, 850
Samplevol. ft3 scf**at
ii0,000 ft 1,400 2,750
130,000ft 560 I, I00150,000ft 245 480
Est. samplerweight,Ib(for 150,000ft) 21 33
Est. systemweight,ib(for 150,000ft) 46 58
No.cylinders 19 37
*Ambientcubicfeetper minute
**Standardcubicfeet, volumeat STPof 59F and
I, 013rob.
DelElectronicsCorp.ProgressReport,October,November1963.
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Fig. 5. Air ejector powered filter sampler (One 
of two mounted on truck in  launch condition). 
The samples obtained from the multijet impactor 
will be in a condition amenable to microscopic 
study and analysis. In addition some of the jets will 
be designed to permit the use of electron micro- 
scope grids, permitting much needed particle sizing 
studies. 
The development of rocket-borne sampling ' 
systems was undertaken to acquire a sampling 
capability above balloon ceiling. This required the 
development of a system to operate in the 130,000 
to 250,000 f t  region of the atmosphere. Many - 
sampling concepts were considered ranging from 
impactors and f i l ters  to cryogenic surfaces (6). 
The Sand Lo systems developed by the Sandia 
Corp. employ large areas  of pleated IPC fil ter  
paper supported on two extendable blades (Fig. 9). 
The sampler is separated from the second stage of 
the Honest John-Nike rocket system at apogee, then 
is retarded and stabilized by a large specially de- 
signed parachute. After retardation and stabilization 
the case opens and two 7-ft sampling blades extend; 
these contain 84 f t  of IPC 1478 fi l ter  paper, and 
a re  rotated at 5 to 10 rps  by hydrogen peroxide 
jets. At the end of the sampling period the blades 
a re  retracted, the case sealed, and the system is 
lowered to earth by parachute, and i s  recovered. 
This system is designed to sample only particulate 
matter from near the rocket apogee, 200,000 to 
250,000 f t ,  to 130,000 f t .  The volume of air sampled 
will be based on laboratory calibration of the flow 
characteristics of the sampling surfaces. Develop- 
ment of new or  improved low-pressure-drop filter 
media i s  being conducted. The first flight test  was 
only partially successful since a dynamic instability 
developed which sheared off the sampling blades 
shortly after the sampling period began. 
2 
In cooperation with the Air Force a second 
rocket sampling system is being developed. This 
system, known as  air launched a i r  recovered rocket 
(ALARR), will use a cryogenic sorbtion pump, de- 
veloped by Varian Associates, to sample the whole 
air. The modified rocket nose cone will contain a 
liquid nitrogen cooled activated charcoal adsorbtion 
bed to sample the gaseous portion of the atmosphere, 
and activated carbon felt to filter the particulate. 
This system will be launched from an aircraft  in 
flight, sample as programmed, and be recovered 
during parachute descent by aerial  recovery. Sam- 
pling missions wi l l  be either vertical, sampling a 
column of air through the altitude range during 
parachute descent, o r  incremental by launching at 
a lesser  angle of attack and sampling a relatively 
narrow altitude band during ballistic flight. Sample 
volumes (Table VI) a re  dependent upon the type of 
mission, the altitude, and the launch conditions. This 
system is undergoing flight tests at the present 
time. 
The Air Force Cambridge Research Laboratory 
has developed, through a contract with the Aerolab 
Develo ment Corp. a cryogenic whole air sampler 
(CWASp (Fig. 10). This system (carriedon an Aerobee 
rocket) is designed to sample isokinetically on as- 
cent from 130,000 ft to apogee, 250,000 to 300,000 ft 
by cryogenic freezeout of both particulates and gas- 
eous components of the a i r  on a liquid hydrogen 
cooled heat exchanger. The sampler is designed so 
that the cryopumping action will be great enough to 
continuously swallow the shockwave, therefore, 
there should be no spillage o r  fractionation of the 
sample. During a maximum trajectory of 130,000 to 
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TableV
BalloonSamplingSystems
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Electrostatic
DFS* Air ejector precipitator
Vehicle Balloon Balloon Balloon
Sampling mechanism Filtration Filtration, Electrostatic
impactors precipitation
Type of sample Particulates Particulates Particulates
Volume of sample 500-2,000 scf** 1,000 scf 500 scf
Sampling altitude 65,000-110,000 ft 65,000-150,000 ft 65,000-150,000 ft
Sampler payload weight 350-500 lb 300-400 lb 120 lb
(2 samplers, including
batteries & instruments)
*Direct flow sampler
**Standard cubic feet
300,000 ft about 0.5 kg (17 scf)of air should be
sampled. This system will require fixed launch
sites and ground recovery after parachute descent;
the system however, could be adapted for aerial
recovery.
A comparison of the three rocket sampler
systems described is shown in Table VII.
The major aim of the rocket-borne sampler
program has been to develop a system which will
obtain a representative portion of the atmosphere
that is sampled. This requires that the sample be
unfractionated and that the volume of the sample be
accurately known. In the case of whole air samplers
the volume can be measured directly by pressure-
volume-temperature relations and indirectly from
known atmospheric constituent concentrations or
ratios. Sample volume measurements for filter
devices such as Sand Ix) will depend upon labora-
tory measure of the flow characteristics of the filter
media and the aerodynamics of the device. This
will be a complicated task and probably will result
in only a semi-quantitative volume measure. The
efficiencies of the whole air samplers should ap-
proach 100% if sampling is isokinetic as determined
by volume measurements and constituent ratios. The
efficiency of filter samplers will again be dependent
upon laboratory data based on the particulate sizes
and flow velocities expected. The sampling volume of
cryogenic systems is limited in that cryo-pumping
will stop when the internal temperature rises to the
point where the internal pressure, due to noncon-
densables and the entering gases not being condensed
and chilled at a fast enough rate, equals the ambient
pressure. Filter samplers, such as the Sand Lo have
the capability of sampling large volumes of air and
are dependent upon descent rate, rotational speed,
and filter area. Whole air samplers in addition to
furnishing particulate and atmospheric composition
data should be useful for studies of the trace gas
constituents of the atmosphere.
2400
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Fig. 6. Performance characteristics of experimen-
tal air ejector powered sampler. Standard temperature
and pressure (STP} volume capabilities of air ejector
filter sampler at 60,000 through 130,000 ft. Includes
required sampling times. Filter area = 2.0 ft 2. Ambient
sampling rate = 1,000 cfm. Primary mass = 40 lb.
International Civil Aviation Organization (ICAO).
Conclusions
In conclusion it is expected that the eventual
operational use of these systems will extend the
sampling capabilities to higher altitudes and permit
operations at arctic and tropic sites. The samples
will yield invaluable data on atmospheric radio-
activity, both natural and man-made, atmospheric
composition, and experimental support for metero-
logical models of atmospheric transport, mixing,
and circulation applicable not only to fallout, but to
other problems of interest to the general scientific
community.
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TableVI
SamplerVolumevs. Altitude,ALARR*SystemwithVarianSampler
Altitude,ft Volume,scf** Volume,ambientft3
Subsoniclaunch
250,000-130,00 6 13,873
200,000-130,00 6 7,074
150,000-130,000 1 137
250,000(29,000-ftband)
200,000(33,000-ftband)
150,000(20,000-ftband)
Supersoniclaunch
0. i x i0"** = I
1.0xl0 = i0
5.0x10 = 50
*Air launched air recovered rocket.
**Standard cubic feet.
***It is estimated that the ram effect at supersonic velocities may increase sample size by as much as
a factor of 10.
O
Fig. 7. Model I electrostatic precipitator, schematic.
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DEL ELECTRONICS BALLOON -BORNE STRATOSPHERIC FLIGHT PACKAGE 
INCLUDES MODEL I ELECTROSTATIC PRECIPITATOR SAMPLER, 
MODEL A-l  ALTIMETER, AND SUPPORT EQUIPMENT 
Fig. 8. Model I electrostatic precipitator. 
Table VII 
Summary of Rocket Sampler Systems 
Sand Lo ALARR::: CW AS:::::: 
Vehicle . Honest John-Nike Genie Aerobee 
Altitude x l o 3  f t  130-200 130-250 130-300 
Volume of sample, scf:::::>k 
Type of sample 
Sampling mechanism 
Weight, l b  
6 17-35 
2 3  10 -10 
Particulates Whole air Whole air 
Filtration on IPC Adsorbtion & Cryogenic 
700-800 115-140 448 
f r eez eout filter media filtration 
*Air launched air recovered rocket. 
*<*Cryogenic whole air sampler. 
**::Estimated and dependent on flight trajectory. 
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Fig. 9. Sand Lo rocket-borne sampler. 
Fig. 10. Cryogenic whole a i r  sampler. 
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Discussion
Greene- Can you tell us approximately what
does one of these aerial recoveries cost?
Beadle -- Aerial recovery, I do not know. I can
tell you this much, that a C-130 aircraft, when
available, will run something like $500 an hour. That
is a small part of the item.
Greene--If you are going to launch from an
island in the Pacific, as you say, you must obviously
have more than one aircraft in the air. I would like
to get a general idea of how many you need at a time.
Beadle --This program is not firmed up yet to
the point where we have figures and know just what
our flight program will be. The aerial recovery is
in a feasibility study stage as far as we are con-
cerned. We just recently heard that Air Force
scientists are practicing with some of the currently
used gondolas (payloads).
Phillips.--The IPC paper that you were talking
about, is that from Institute of Paper Chemistry?
Is it a cellulosic fiber?
Comment from audience--Yes. That's IPC
1478 paper.
Phillips --You never use all-glass filters?
Comment from audience--No. I believe Air
Force Cambridge Research Labs has used the
polystyrene Delbag type. These all have too much
pressure drop to be useful at these altitudes.
Beadle--We just use pure cellulose paper. It
is a special cut, special manufacture.
Greene--One comment to Dr. Phillips: The
paper contains a germicide. As it comes from the
factory there is a bacteriostatic agent incorporated
into the fibers of IPC paper, so itwon't do you much
good for subsequent viable enumeration.
Oswald--On your electrostatic precipitator
work, you gave some data which I couldn't hear.
Would you please repeat the data that was given on
the electrostatic precipitator? You said you had one
flight that collected...
Beadle--This has been flown to 105,000 ft. I
presume this is the type of data you want. It col-
lected at 100 cfm flow rate about 167 scf of air.
This was a feasibility study model. The proposed
operational model will sample 500 scf at 150,000-ft
altitude at about 1,850 cfm flow rate. It will be a
37-tube package, smaller tubes.
Oswald --On this one trial flight, did you make
any evaluations of the particles that were collected?
Beadle--On all these, flights, radiochemical
analysis was made. This compared favorably with
direct-flow samplers flown alongside as the l_icture
showed. The first flights of this sampler did contain
electronmicroscope grids. There was some data
obtained from this; you are probably interested in
the particle sizes.
Oswald -- Yes.
Beadle--So are we. This is crude data. It
looks like the sizes fall into an average of 0.01 to
0.1_. I have no figures on the distribution curve or
anything like that.
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Oswald--Whatwasthevoltage? Ranz--Whatanalysisof thesampledoyouplanto makeseriously?
Beadle--I believethatin thefeasibilitystudy
modelit operatesaround0.06mampcurrent-density.
This can be upped;chargingwas more efficient
than they thought.Becausedepositionwasalmost
simultaneouswithchargingDel ElectronicsCorp.
is goingto operatefuturemodelsatahighercurrent-
density;they canoperateat ahigherflowthen,too.
Dimmick--Doyouknowwhetheror not this
electrostaticsamplergeneratesanyozoneatthese
altitudes?
Beadle-I don'tknow.I hadn'tthoughtabout
that.
Beadle--Weare samplingat four altitudes
eachmonthat the two samplingSites,SanAngelo
andMildura.ThesesamplesareonIPCfilter paper.
This paper is shippedas soonas possibleto the
HealthandSafetyLaboratoriesin NewYork City;it is either analyzedby this laboratoryor by con-
tractors. First, the analystsdo a gammascanfor
the gross gammacountof radioactivity,andthen
theydo a gammaspectrato ascertainif thesam-
pling is typical of a precedingsample.Thenthe
sampleis analyzedfor various isotopesby wet
chemistrymethods.Theseare listed in TableI of
mytalk.
Convenor:W.E.Ranz
Mechanical Methods for Collecting
Stratospheric Biological Aerosols
D. A. Lundgren, A. R. McFarland,
and V. W. Greene
Applied Science Division
Litton Systems, Inc.
St. Paul, Minnesota
Abstract _._Q_
Characteristics of impaction and filtration aerosol
collection mechanisms are reviewed with particular refer-
ence to high altitude environments. Both theoretical and
experimental aspects are considered. Discussions anddata
(where available} are presented relative to collection
efficiency, viability decay, and amenability of sample to
subsequent analysis. Examples of current stratospheric
particulate sampling apparatus are given, and their appli-
cability to biological aerosol sampling is examined. From
data and information presented, the following conclusions
are drawn: very high collection efficieneies on particles
of microbiological size are more easily obtained as
stratospheric pressure decreases (altitude increases}.
Impaction and filtration methods are most applicable to
stratospheric biological aerosol collection requirements
of large sample size and low background contamination
levels. Rockets, aircraft, and balloon-borne sampling
apparatus now exist that could be applied to biological
sampling with certain limitations placed upon each. The
most serious problem of high velocity aircraft and rocket
sampling for viable biological matter is heating the col-
lected particles. Aircraft and balloon-borne samplers are
most easily adapted to biological sampling requirements. _
I. Introduction
A desirable sampling system for stratospheric
biological aerosol collection must necessarily meet
the following requirements:
1. Collect a known size sample representative
of the space from which it was obtained.
2. Subject the particles being collected to no
stress greater than the stress to which the particles
have previously been exposed.
N65-23985
3. Preserve the integrity of the collected
material from the time of collection to the time of
assay.
4. Present the collected material in a state
amenable to analysis by a suitable technique.
5. Provide a sample of sufficiently large size,
having a relatively low background, to assure a
statistically significant signal-to-noise ratio.
In addition to these five attributes, a sampling system
must also be both practical and economically justi-
fiable for its considered applications. The above
criteria apply to essentially any sampling require-
ment, but the biological requirement stresses cer-
tain of these criteria more than others.
Consider, for example, the problem of quanti-
tative determination of the type and concentration of
viable microbiological particles at 20 km altitude.
Extrapolating the data of Junge and Manson (13) at
20 km we obtain a concentration of 300particles/m 3
larger than 0.5_ diameter. (The 0.5-_ diameter is
approximately the lower size limit ofbacteriaexist-
ing as single cells.) Now, air at standard sea level
conditions contains on the order of 107 to 108 parti-
cles/m 3 larger than 0.5 _ (26) of which 102to 103/m 3
are viable organisms (12). This implies a ratio of
total to viable particles of about 105 to 1. If all
particles in the stratosphere are assumed to be of
terrestrial origin, and it is assumed that no decay
or decrease in the viable fraction occurs during
vertical transport, use of the 105 to 1 ratio gives an
upper limit for the viable biological concentration of
3 x 10-3/m 3. (This is on the order of the biological
concentration upper limit determined from the Na-
tional Aeronautics and Space Administration biologi-
cal sampling flights.) (9, 10). If the lowest signi-
ficant number of viable organisms was taken to be
10, a sample size of 3 x 103 m 3 (105 ft 3) would be
required.
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Twoimportantcriteriaregardingthecollection
of stratosphericbiologicalaerosols,are that: i) a
largesamplemustbeprocessed,and2)thecontam-
inationlevelmustbe low.Collectiontechniquesthat
satisfytheserequirementsarebestascertainedby
surveyingthe theoreticalcharacteristicsof per-
tinent collectionmethods. Impaction,filtration,
and electrostaticprecipitationare the mostsuit-
able. After consideringthe practical problems,
operationalimitationsandpresentstate-of-the-art
knowledge,it appearsthe mechanicalmethods--
impactionandfiltration--are most applicableto
stratosphericbiologicalaerosolsamplingexperi-
ments.
In the followingsectionsit will beshownthat
witheitheranimpactoror filter system,thesampled
volumeandtheparticlecollectionefficiencyincrease
with samplingvelocity,while theareainwhichthe
desiredparticulatematerialandtheundesiredcon-taminationis collectedremainsfixed. Thisraises
thesignal-to-noiseratio.
Anyof thethreebasicapproachesfor trans-
portingthesamplingapparatusintothestratosphere
--rockets,aircraft, or balloons-couldbe applied
to abiologicalexperiment.Certainlimitationsmust
beplaceduponeach,however.Currentaircrafthave
aserviceceilingofapproximately25kmandballoons,
45km. Abovethisrange,rocketsmustbeused.On
theotherhand,theapplicationof high-speedrockets(and aircraft) is restrictedbecauseof thermal
effects.
Consideranaerosolsampleroperatingfroma
highperformancevehicle.At adistancein frontof
the sampler the air is macroscopicallyat rest,
althoughthe air moleculesaremovingrapidlyasa
result of their thermalenergy.If theflight velocity
is subsonic,theair is acceleratedasthesampler
approaches;indeed,boundarylayertheoryindicates
thatthemoleculesatthesamplersurfacearetravel-
ingatflight velocity.In thecaseofsupersonicflight
velocities,an abruptair accelerationtakesplace
acrossthebowshockof thevehicle.Theprocess
of accelerationof air moleculesto flight velocity
increasestheir kineticenergyandconsequentlyheir
temperature.If theprocesswereto takeplaceina
frictioulessmannerwithoutanyheatransfer(isen-
tropically),theair temperaturerise fromthequies-
cent state to the state at the aircraft skin,AT,
would be given by:
V 2
A T= -- I
2c
P
where V = flight velocity
c = constant pressure specific heat of the
P gas.
A plot of Equation I is given iu Figure 1. Note that
a temperature rise of about 60 C accompanies the
isentropic acceleration of air to sonic velocity.
In actual practice the skin temperature rise is
somewhat diminished from the above given values by
the effects of friction within the boundary layer. This
can be accommodated analytically by the introduc-
tion of a recovery factor, r, such that:
V 2
A T = r --; II
r 2c
P
r is a function of properties of the air stream and,
except at high supersonic Mach numbers (which are
not currently of interest in stratospheric sampling
situations) is of the order of 0.8 to 0.9.
One implication of Equation II is that the
temperature rise is almost independent of altitude,
as it may be shown r/Cp is relatively free from
density effects. Thus, if the collected sample is
directly exposed to the heating effects of a Mach 1.5
to 2.0 air stream, the temperatures encountered will
be similar to those found in a standard autoclave,
regardless of flight altitude. There are, however,
some further aspects that must be considered. At
altitudes of 20 km, the ambient temperature may be
less than -80C, in which case a flight Mach number
of 1.5 (a flight velocity of 410 m/sec at the ambient
temperature) would only bring the sampler skin
temperature up to the vicinity of 20C. Perhaps
microorganisms could withstand this stress and
still remain viable. A second altitude effect mani-
fests its presence in a difference of heat transfer
rates. At higher altitudes, where the air molecules
are more sparse, it requires more time to effect
the heating. Since large samples and consequently
long sampling times are required for stratospheric
biological aerosol samplers, however, steady state
temperature values would normally govern, and
heat transfer rates would be relegated to second
order considerations.
The effects of heated air (at sea level pres-
sures) upon the viability of lyophilized Serratia
marcescens and Bacillus _lobigii have been studied by
Greene (11). In his experiments the bacteria were
exposed to temperatures of 70 to 200C for 0.5 to
1.68 seconds. S. marcescens showed a log decrease
when subjected to 125C for 1.68 seconds, whereas
the hardier B. _lobi_ii were able to withstand 175C
for the same time period before showing a tenfold
viability reduction. Although it is difficult to extra-
polate to a stratospheric environment, from the
experimental conditions under which these data were
obtained, the data do demonstrate that it is desirable
to avoid heating the air stream during the sampling
proeess.
II. Theoretical Aspects of Particle Collection
A. Filtration by Fibrous Filters
Collection efficiency of a fibrous filter mat can
be determined theoretically by considering several
factors:
1. Collection efficiency of an isolated fiber.
This is accomplished by assuming the fiber to be an
isolated cylinder whose aerosol collection is attri-
buted to the mechanisms of Brownian diffusion,
interception, and inertial impaction. Other factors
such as sieving, gravity settling, and electrical
forces may affect the collection process, but nor-
mally do not play a predominant role in strato-
spheric sampling applications.
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1 2 3 Particle Trajectory
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Sampler Velocity, m/sec b) Interception
Fig. 1 (above) . Temperature rise as result of isen-
tropically accelerating air from zero initial velocity.
Sampler Mach number with ambient temperature = 24C.
Fig. 2 (right) • Particle collection by a single fiber.
c) Inertial Impaction
2. Change in a single fiber's efficiency when
the fiber is subjected to air flow interference from
neighboring fibers. This is normally accounted for
by a function of the mat-fiber-volume fraction a.
3. Relationship between the collection effi-
ciency of a single fiber and that of the mat.
1. COLLECTION EFFICIENCY OF ASIMPLE
FIBER BY BROWNIAN DIFFUSION. Small particles
in the air are bombarded by gas molecules and
exhibit considerable random Brownian motion, there-
by deviating from the streamlines with which they
were originally associated (Fig. 2). Some come into
contact with the fiber, adhere to it, and are thus
removed from the flow system. Particles precipi-
tated in this manner are said to be collected by
Brownian diffusion.
The mean square distance X 2 that a particle
travels in a given direction by Brownian diffusion
was shown by Einstein (4) to be
X2 = 2DBM t III
where
CkT
DBM= 3_D
P
C = Cunningham slip correction
k -- Boltzmann's constant
T = absolute temperature
_ = air viscosity
D = particle diameter
P
t = time.
The Cunningham correction factor which ac-
counts for departures of the air from continuum
theory, when matched with the mean free path
length ;_ given by the International Civil Aviation
Organization tables (18), is 17.
l1 0.45 Dp /C : 1 + 2_____k .2 + 0.4 e )' •
Dp
IV
The length of the mean free path is highly
dependent upon altitude, increasing about an order of
magnitude each 18 km; it is of the order of one
micron at 20 km. Thus, Cunningham's correction is
a significant parameter in the consideration of
collecting bacterial aerosols from the atmosphere.
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Lowvelocitiesenhancecollectionbydiffusion
becauseof the increasedtimefactor (EquationIII).
Particlesize is alsoanextremelyimportantfactor.
For particlediametersmuchlessthanthelengthof
the meanfree path,the Cunninghamcorrecti6nis
inversely proportionalto particle diameter,so
DBMis inverselyproportionalto particlediameter
to thesecondpower.
Singlefiberefficiency_ is definedastheratio
of flow streamareafrom whichall particlesare
removedto the projectedfiber area,bothareas
takenperpendicularto thedirectionof freestream
flow.Rodebush,etal. (22)computedanapproximation
to thecollectionefficiencyof singlefibersbydiffu-
sion mechanismbasedupontherandomwalktheory
andtheassumptionof aneffectiveexposuretimefor
theprocess.Torgeson(30),usingadiffusionboundary
layerconcept,showedthat
_ld= 0"75_ 0.4 V
p 0.6
e
where
Ir Df 2 AP
4_L V
O
, the drag parameter
V ° Df
P - , the Peclet number
e DB M
Df = fiber diameter
= fiber volume fraction
L = mat thickness
Vo= superficial face velocity of filter mat
A p= pressure drop across mat evaluated
at particular V o.
Insofar as the effect of altitude upon the dif-
fusion-collection mechanism is concerned, the value
of q_ for a given filter generally decreases with
increasing altitude. But the diffusion coefficient
DBM increases with altitude, thereby making the
Peclet number smaller. And _7 d increases with
increasing altitude because Pe 0"6 (Equation V)
0.4
decreases more rapidly than_
2. COLLECTION EFFICIENCY OF A SINGLE
FIBER BY INTERCEPTION. Particle collection by
interception results not from the action of a force
but rather from a boundary condition. For pure
interception, it is assumed that particles follow the
air streamlines around a fiber, and that if a particle
happens to be on a streamline that passes within a
distance Dp/2 of the fiber, it will be collected.
Thus, the maximum collection efficiency that can
take place by interception is
_. =I+R
I, lllax
CONFERENCE ON ATMOSPHERIC BIOLOGY
Langmuir (22) for viscous flow about the fiber,
derived the expression
where R = Dp/Df, the interception parameter.
VI
VII
1
_. = X
1 2(2 - In Ref)
2(1+R) in (1 +R) - (1 + R) +
where
Pa VDf
Ref = the fiber's Reynolds number
Pa = air density
V = air velocity upstream from the fiber.
This equation can also be modified to account for
the combined effects of diffusion and interception.
Torgeson introduced a power-function approxi-
mation to obtain (30)
i = 0.0518 _I,R 3/2 . VIII
For most high-altitude sampling applications inter-
ception is not the governing mechanism because the
values of R are small. For commonly used filters
composed of cotton fibers, Df is about 20 _. There-
fore, if the filter is to provide collection of 1-
particles, R will be about 0.05. For this example, if
were approximately i0, the single-fiber efficiency
calculated by Equation VIII would be about one-half
percent.
3. IMPACTION. Because of its inertia, a parti-
cle does not follow the air streamline exactly when
the latter bends around a fiber (Fig. 2). Instead, its
momentum tends to make it deviate toward the fiber,
an action that may result in the particle's impaction
on the fiber, or may bring the particle sufficiently
close to the fiber to be collected by the interception
or diffusion mechanism.
The motion of a particle in the curvilinear
flow field is governed by Newton's second law:
IX
where
m = mass of the particle
= particle velocity
t = time
.4*
F D = drag force.
For the ordinary ease of high-altitude particle
collection, the Reynolds number associated with the
flow of particles across the streamlines is suffi-
ciently small so that the Stokes-Cunningham drag
force may be used. This force is determined by
., 3 _r_D X
FD=_ 13 (u -_)
C
where v = air velocity.
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Thus, -* 3TroD __
du P (u v).m -- = - ---- -
dt C
XI
Equation XI can be made dimensionless and ex-
pressed in the x and y components as
d 2 x* _ 1 /dx_____* _ Vx._
dt*2 K _ dt* /
d-t; : - K-- \d--F - Vy*
where
x* x y, _ y= --,
Df Df
V V
Vx,= ___xx, V * =
V o Y V o
V o
t*= t--
Df
2
C Pp V o DK= P , the inertial parameter.
18 _ Df
XII
Since the dimensionless flow velocities for an
isolated cylinder are a function only of position and
air stream, Reynolds number solution of Equation XII
would provide a particle's trajectory as a function of
Reynolds number and inertial parameter. The collec-
tion efficiency could be determined from analysis of
trajectories. But a general solution for viscous flow
about the fiber, as is the case in high-altitude appli-
cation, has not been obtained. Davies (2), using his
own set of air-flow equations, made numerical
calculations of the collection efficiency of an isolated
fiber with a Reynolds number of 0.2. His results
include the effects of impaction and interception,
and are expressed by
_]im = 0.16 [R + (0.5 + 0.8R)K- 0.1052 RK 2 J.XIII
For pure impaction, Davies' collection efficiency
would be 0.08 K. Torgeson assumed that the collec-
tion efficiency for impaction has the form
Him =agK
XIV
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and matched the constant, a, with Davies at a Rey-
nolds number of 0.2. Torgeson's combined effects of
impaction and interception are expressed
'im= 0.0518 _I, [R 3/2 +0.89K (0.5+ 0.8R)]. XV
Particle collection by the impaction mechanism
is characterized by the impaction parameter K and
it is usually the governing mechanismwhenKis near
unity. These values of K are normally associated
with large particles, high velocities, and high
altitudes such as in the case of filter collectors
borne by high-speed aircraft.
4. TOTAL SINGLE-FIBER EFFICIENCY. To
combine the effects of the various collection mech-
anisms, Chen (1) assumed that efficiency by diffusion
and interception could be added to that by impaction
and interception. The overall collection efficiency,
o' calculated in this manner is modified to obtain
the total single-fiber efficiency T] _ (including inter-
fiber interference) by the expression
n_ = _]o (1 + 4.5 _) . XVI
Davies represented the combined effects of the
three mechanisms by replacing K in Equation XIII
by (K + 1/Pe). To determine the influence of
neighboring fibers, he used the analogy of a viscous
flow field through a two-dimensional grid and com-
puted the collection by the interception mechanism
to be
11i,c_ = Rf(_) XVII
where f(_) = (0.16+ 10.9 _ + 17a2) .
He combined these equations and obtained
I-
= |R +(05+08 R) + XVIIIi)
L Pe
- 0.1052 R (K + p---_-) 2] .
Torgeson assumed that impaetion influences
the diffusion process in the sense that the number of
particles available for diffusion is increased. He
also assumed Davies' correction for interfiber
interference and arrived at
_le = 0.75 _7 Jim + FG _7 d ' XIX
where _7d is given by Equation V and _/'im is related
to _ im of Equation XV by
771im= (1 + 67 _- 107(_2)_7im. XX
The factor G is a function that modifies the diffusion
equation for R = 0 to account for interception
effects. For small values of R, G = 1. The factor F
accounts for the effects of particle inertia on diffu-
sion and is determined by the expression
0.6 0.6 XXI
F = 1 + 0.0222'I' P K
e
X [0.5 + 9.48_ -0'4 Pe-0"41.
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5. COLLECTIONEFFICIENCYOFAFILTER
MAT.Oncethesingle-fibercollectioncharacteris-
tics havebeendetermined,theoverallmatefficiency
7?canbeexpressedin terms of theseandcertain
mat characteristics.Langmuir(22)hasshownthis
relationshipto be
] xx.
6. PROPERTIES OF FILTERS USED IN
STRATOSPHERIC SAMPLING SYSTEMS.
a. IPC 1478. This media was developed by
the Institute of Paper Chemistry (IPC) (17) in 1949.
Historically it has been applied extensively to sam-
pling the stratosphere for radioactive particulates
by both balloon- and aircraft-borne systems. It
has the advantage of a low background of trace
elements. Basically the material is a paper mat
formed from second-cut cotton linters and is backed
by a cloth scrim for strength. The fibers of the
mat are coated with Kronisol, an organic adhesive
that prevents bounce-off and re-entrainment of
particles collected at high velocities. The Kronisol
precludes the use of standard IPC 1478 in biological
experiments because it inhibits the growth of micro-
organisms; untreated IPC paper, however, could
conceivably find application in this area.
Stern et a1.(28) experimentally determined the
collection efficiency of IPC 1478 paper over a range
of particle sizes, face velocities, and altitudes. A
cross plot of their data, showing the effects of
altitude and face velocities upon the retention of
1.2- _ diameter particles is given in Figure 3. For
those conditions, the impaction collection mech-
anism dominates and the retention increases with
increasing face velocity and altitude. Since most
stratospheric sampling systems operate with face
velocities greater than 100 m/minute (Fig. 3) the
media will be highly efficient in sampling micron-
sized particles.
The energy required to pump air through a
filter is reflected by its pressure drop-face velocity
characteristics. IPC 1478 is a rather porous mate-
rial; at an altitude of 30 km, where the total air
pressure is 11.9 mb, a pressure drop of 1.19 mb
will induce a face velocity of approximately 100
m/minute.
b. Delbag 99/97. This is a commercially avail-
able mat manufactured by Delbag Luftfilter GmbH 1
of Germany. It is also known as Microsorban 99/97.
The mat, composed of polystyrene fibers with no
binder used to hold the fibers together, is fragile.
Its collection efficiency for particles in the size
range of interest is considered to be 100 % at all
face velocities and latitudes. Olson et al. (19)
using small test aerosols (88, 35 and 26 m_),
investigated the filter's efficiency over the range
of pressures from 30 to 1,000 mb. They could
detect no aerosol penetration through the mat and
concluded that it was 100 % efficient.
1Gesellschast mit beschrankter Hastung
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Fig. 3. Experimental collection efficiency of IPC
1478 paper with 1.2-_ diameter test aerosol (adapted
from Stern, Zeller, & Schekman, 1960, ref. 27).
The pressure drop for Delbag is about ten
times that for IPC 1478 at the same face velocity.
To have the same volumetric sampling rate with a
fixed pumping or air-moving system, a sampling unit
therefore requires an order of magnitude more area
for a Delbag filter than for an equivalent IPC 1478.
Microorganisms are difficult to extract from
the media, hence its applicability to stratospheric
biological sampling is limited.
c. 80-Pore Polyurethane Foam. Polyurethane
foam has been used as the collection medium on all
flights of the National Aeronautics and Space Admin-
istrationbiological sampler (9). It has the advantages
of being chemically and biologically inert; it can be
sterilized by autoclaving, and organisms can be
extracted from it.
The aerosol retention characteristics of this
media are illustrated in Figure 4, which shows the
effect of face velocity upon collection efficiency.
These data were obtained using a 1-_ bacterial
aerosol in a pressure chamber at a simulated alti-
tude of 16 km. As used in the National Aeronautics
and Space Administration biological sampling exper-
iment, inertial impaction is the principal rpechanism
by which this material collects particles. Thus,
higher altitudes and larger particle sizes, as well
as greater face velocities, enhance the collection
efficiency. Polyurethane foam, 80-pore, has good
pressure drop characteristics. At 30 km altitude,
the pressure drop required to maintain flow across
this medium is only about half that for IPC 1478.
Some of the physical properties of IPC 1478,
Delbag 99/97, and 80-pore polyurethane foam are
compared in Table I. The principal distinguishing
property is the fiber size.
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TableI
PhysicalPropertiesof StratosphericSamplingMedia
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IPC1478(28,32) Delbag99/97(19)
80-Pore
Polyurethanefoam(32)
Material Cotton fibers
coated with
Kronisol
Polystyrene fibers,
no binder
Webbed polyurethane
fibers, no coating
Mat thickness 0. 1 cm 0. 2 cm 1. 3 cm
Fiber volume
fraction 9. 6% 7% 3%
Fiber diam,
Df 17_ 5_ 37_
W eight ] unit
area 1. 5 x 10 -2 g/cm 2 1. 5 x 10 -2 g/cm 2 4. 3 x 10 -2 g/cm
1oo
•_ 60
o_
20'
i j i 0 i i
50 100 150 zoo z50 300
Filter Face Velocity, m/rain
Fig. 4. Experimental collection efficiency of 80-
pore polyurethane foam with 1.0-_ diameter test aerosol
at altitude of 16 kin.
B. Jet Impaction
Consider the typical jet impactor system (Fig.
5). Particle-laden air flows through a circular jet
of size Dj. The impactor plate, located a distance
L from the jet, causes the air streamlines to bend
sharply away from the jet and run parallel to the
plate. While the particle's inertia tends to keep it
moving toward the plate, the bending streamlines
exert a drag force that tends to carry it around the
plate. If a particle's inertia is sufficiently large,
it will impact on the collection plate.
It is wellknown that the efficiency of an im-
paction process is characterized by the dimension-
less impaction parameter, K, determined by
2
CP V.D
K= P ] P
18 _ Dj
where C
Dj
Vj
= Cunningham correction
= jet diameter of a circular impactor, or
jet width of a rectangular impactor
= air velocity at jet.
But the other dimensionless parameters must also
be considered in evaluating the performance of an
impaction system. A secondary variable, jet-spacing
ratio L/Dj, plays an important part in determining
D.
3
  iiiiiiiiiiiltory
Fig. 5. Jet impactor system. C = Cunningham cor-
rection; Dj = jet diameter of circular impactor, or jet
width of a rectangular impactor; V. = air velocity at jet
exitplane. J
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the sharpness of the classification process. Smaller
values of L/Dj are normally associated with sharper
cutoff characteristics_ but if jet spacing becomes
sufficiently small, L/D itself becomes a primary
variable. This occurs approximately at the point
where the jet area equals the area based upon the
jet periphery and jet-to-plate spacing. For circular
nozzles the value is 0.25 whereas for rectangular
jets it is 0.5.
The jet Reynolds number is another secondary
variable that can influence the collection process.
At greatly reduced pressures, the viscous effects
of jet air flow must be taken into account. Thick
boundary layers build up rapidly, tending to make the
collection process less efficient than that of a
comparable system with potential flow. These effects
are normally associated with higher altitude ranges
than will be considered here.
The type of collection surface also has a large
effect on collection efficiency because of problems
associated with particle bounce-off and re-entrain-
ment. The use of an oil or grease coating tends to
reduce both these effects.
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Many researchers have studied the collection
of aerosols by jet impactors. Davies and Alyward (3)
obtained numerical solutions for impaction efficiency
as a function of L/Dj and K for slit jets in potential
flow. Ranz and Wong (20), using simplified potential
flow equations, obtained analytical solutions for the
collection efficiencies of both round and slip impac-
tors as a function of the impaction parameter. Most
experimental works on impactors have been conduc-
ted at sea level pressure, but Stern et al. (27)
studied the performance of circular and rectangular
jets at reduced pressures corresponding to altitudes
of 10 to 25 km with 0.56 to 1.17- _ diameter poly-
styrene spheres. McFarland and Zeller (17)tested
an experimental multiple jet impactor at pressure-
equivalent altitudes of 30 to 45 km with 0.055 to
0.125- _ dye particles. The impaction characteristics
for this device at jet-spacing ratio of 0.53 are
presented in Figure 6.
Stratospheric impactor samplers have primar-
ily been restricted to acquiring samples for micro-
scopy and particle-size studies; they have therefore
not found extensive use in collecting radioactive
material because the sampling rates of these units
have been too small to process the large volumes
needed for radiochemical analyses. But at altitudes
above 25 km the increased particle slip factor per-
mits effective aerosol collection with large jet diam-
eters (approx. 1 cm) and resulting larger flows
(Fig. 7). An impactor using the multiple jet prin-
ciple and designed to process volume flows compar-
able to those of filter units will soon be test flown.
In addition, there are other advantages of impactors
that should be pointed out: 1) Impactors have rela-
tively small dimensions compared to those of equiva-
lent volume filter systems, with particles being
concentrated in a smaller area on the impactor. This
makes it easier to design effective closures to pro-
tect the system from contamination, and also re-
sults in lighter, more rugged units. 2) Because
particles are collected on a flat, solid surface, the
system should render itself well to viability studies.
Fig. 6. Collection efficiency of a circular jet im-
pactor at Re.>100 and L/D. = 0.53.] ]
C. Other Impaction Systems
Following the nomenclature of Ranz (21), im-
paction systems can be categorized in two types:
wall collectors and body collectors (Fig. 8). The
first type is characterized by the flow of air through
a system exemplified by jet impactors and tube
bends. The body collector operates by air flowing
around the isolated collector. (One example of this
process is water droplets impacting on the body of
an airplane in flight.) Conceivably either type or any
100
8O
60
g 4o
_ zo
0 I I I
5 10 15 Z0 Z5
Altitude,
Fig. 7. Effect of altitude upon collection efficiency
of a jet impactor.
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variationof the two types could be used for sampling
'particulate matter in the upper atmosphere, but jet
impactors have certain advantages over the rest:
1) As noted previously, the collected particles are
concentrated in a localized area, and 2)The impac-
tion parameter corresponding to 50°/0 efficiency is
approximately 0.1, whereas for body collectors it
varies from 1 to 100.
n = --
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In certain cases body collectors may be appli-
cable. These are high-velocity sampling systems, for
high altitudes at which it is much more advantageous
to use a rotating body than a pump system, and close-
in sampling of large particles in fresh atomic bomb
debris. Most rocket-borne systems utilize the body-
collecting principle. Collection efficiency character-
istics of body collectors are presented in a review
by Golovin and Putnam (8). At extremely high alti-
tudes, where mean free path lengths are approximate-
ly equal to body dimensions (i.e., the collector is in
free molecular flow), the collection efficiency can be
determined from the work of Friedlander (6).
Jet Impactor
Tube Bend
Wall Collectore
5I _i _v ---4- _
-_ _L_ :- - -
Cylinder or Sphere
Airfoil or Body of l_evolutlon
at an Angle of Attack
Body Collector e
Fig. 8. Examples of impaction systems.
D. Electrostatic Precipitation
The electrostatic precipitation of particles is
dependent upon two factors: the chargingof particles
and their motion in an electric field. A Cotrell type
precipitator consists of awire approximately 0.05 cm
in diameter placed concentrically in a tube approxi-
mately 15 cm in diameter. Sufficient voltage (several
thousand volts dc) is applied between the wire, and
cylinder to create a corona off the wire. The escap-
ing electrons rapidly attach themselves to gas ions
in the vicinity of the wire. These in turn may attach
themselves to the particles either by diffusion or by
bombardment, but particles of micron and submicron
size are charged primarily by the diffusion mechan-
ism. White (33) has developed an equation for the
number of charges, n, acquired by a particle as a
function of time and ion concentration:
where
e = electronic charge
= root mean square ionic velocity
n. = ion concentration.
1
A calculation shows that a 1.0-_ particle in an ionic
atmosphere of 5 x 107 ion/cm 3 for 0.1 second will
gain a charge of approximately 100 electrons.
After the particle has been charged and sub-
jected to the electrical field between the wire and
tube, it experiences a force, FE, in the direction of
the field. This force is determined by
F E = q E XXIV
where
E = electrical field vector
q = charge on particle
The force is resisted by the drag on the particles.
For high-altitude sampling situations, it is expected
that the particle's Reynolds number is small so that
the drag force, FD, is governed by the Stokes-
Cunningham law:
_, 31r_D u
P XXV
FD= C
Thus, the velocity of a particle inthe electrical field
is governed by
Cq E XXVI-p
U --
31r_D
P
For a radial field between two concentric cylinders,
R2 XXVII
E = ¢__ln_-
R R 1
where
¢ =voltage between cylinders
R = radius from axis
R 1 =radius of inner cylinder
R 2 = radius of outer cylinder.
For this case, the radial particle velocity is
governed by
Cq _ R 2
u - In --. XXVIII
r 3_r_ Dp R R 1
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Thecollectionefficiencyof anelectrostaticprecipi-
tator dependsuponradial velocity,whichin turn
dependsuponcharging,particle diameter,voltage,
andsystemgeometry.If otherfactorsholdequal,it
wouldappearfrom EquationXXVIIIthat electro-
static precipitationshouldbe enhancedat reduced
pressures.This isnotnecessarilythecasebecause
control of the unit becomesa problemat high
altitudeswherethereis a differencebetweenthe
corona'sstartingvoltage,andthebreakdownvoltage
becomesmallerwithdecreasingair density.
Collectionofaerosolsfromthestratosphereby
electrical precipitationhasbeenstudiedbyseveralinvestigatorsundercontractfromtheUnitedStates
AtomicEnergyCommission.Liu andWhitby(16)are
currently investigatingthemechanismsof charging
particlesat reducedpressures.Langer(14)studied
the developmentof a low-flow-raredevicefor the
electrostaticclassificationof submicronaerosols.
WesternPrecipitation(31)conducteda feasibility
studyin whichtheyinvestigatedtheapplicabilityoflarge-volumeelectrostaticprecipitatorsforballoon-
bornesystemsoperatingin thealtituderangeof 20
to 30km. Theyconcludedthatsuchasystemwould
havethe advantagesof lowpowerrequirementsand
light weight,but thatits operationwouldbemarginal
at the highestaltitudes.Del Electronics(15)has
developedan experimental4 m3/minutecollector
thathasbeensuccessfullytestedinthestratosphere.
D. ThermalPrecipitation
If anaerosolis subjectedtoathermalgradient(for example,passedbetweenahotandcoldplate),
the particlesmovein the directionof thegradientduetothedifferencesin themomentumtransferred
to theparticlesby "hot" and "cold" molecules. In
this manner the particles are driven from the hot
plate to the cold one.
Epstein (5) solved the general thermal problem
for the force exerted on a particle in a thermal
gradient, namely,
XXIX
where
2 k
Ft = _9 _Dp _ a dT2 P T 2k +k dy
a a p
k = thermal conductivity of air
a
k = thermal conductivity of the particle
P
dT
= thermal gradient.
The velocity of a particle in a thermal gradient
may easily be obtained by equating the fluid drag
force to the thermal force.
Using F D given by the Stokes-Cunningham law
yields
k
-* 3 C _ a dT XXX
U--
2 P T 2k +k dy
a a p
Relatively high particle velocities can be obtained in
a thermal precipitator. For example, 1-_ metal
particles in a thermal gradient of 2,500 C/cm at
0.1 atmosphere will exhibit velocities of approxi-
mately 40 cps.
The feasibility of using thermal precipitators
for high-altitude sampling systems has been investi-
gated both theoretically and experimentally by Wilson
and Orr (34). In the laboratory, they were able to
attain flow rates of 0.5 m3/minute at 0.01 atmosphere,
and they propose that it should be possible to
achieve sampling rates of 20 m3/minute.
In sampling the stratosphere for biological
material, thermal precipitation does not appear to
offer any significant advantages over its filtration,
impaction, and electrostatic precipitation counter-
parts at the present time. Comparatively .large
collection areas are required thereby giving rise to
adverse signal-to-noise ratios. Also the heat radia-
tion from the hot plate may be deleterious to viable
organisms.
III. Some Current Stratospheric
Sampling Apparatus
There are three means by which sampling
apparatus can be carried into the stratosphere-
rocket, aircraft, and balloon. Each of these three
methods has in the past been used successfully for
non-biological type sampling. Sampling for detec-
tion of viable microbiological particles presents
additional and more severe operational criteria than
have most of the past sampling requirements. Some
of the equipment previously developed and now being
used for sampling radioactive debris or micro-
meteorites would have application to certain biologi-
cal sampling requirements. Several nonbiological and
one biological sampler are, therefore, described in
the following pages. What application, if any, this
equipment would have to biologicalsamplingdepends
primarily upon the concentration of biological parti-
culates. For example, a device capable of sampling
1 x 103 m 3 of air should only be considered for
use if the viable biological concentration is (or is
thought to be) above this level. (Only when this need
is met should other criteria even be considered.)
A. Rocket-Borne Samplers
Sampling at altitudes above 50 km is only
possible through the use of rocket-borne collectors,
and most of these units are still in a developmental
stage. Data are included here for two units that
have been used for sampling missions.
1. AIR FORCE CAMBRIDGE RESEARCH
LABS VENUS FLYTRAP (23). The Venus Flytrap
(Fig. 9) was developed by the Geophysics Research
Directorate of Air Force Cambridge Research Lab-
oratories for collecting micrometeorites at high
altitudes. On a test flight in June 1961, the unit was
carried aloft by an Aerobee 150 rocket and sampled
on ascent from 88 to 168 km. To commence sampling,
an electric motor moved a cylindrical shielding
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section at the rear of the nose cone to the forward
portion (see Fig. 9), and a second electric motor
extended eight retractable leaves into the airstream.
Collection of particles on the leaves tookplace
by the mechanism of impaction as the nose cone
arose to the apogee of the flight. Shortly after the
sampler started to descend, the rocket was separated
from the nose cone, the leaves were retracted, and
the cylindrical shielding section moved back into its
closed position. At an altitude of about six kilo-
meters, a parachute deployed.
The other part of the experiment, collection of
micrometeorites, was effected by the following pro-
Cedure: high-purity substrate surfaces (suitable for
electron microscopy) were mounted in aluminum
boxes, and two such boxes were placed on each of
four leaves. The tops of the boxes were fixed to
the nose-cone structure in such a way that when the
leaves deployed, the box tops remained fixed to the
cone, and the boxes were carried out with the leaves.
After sampling, the leaves were retracted, and the
boxes again sealed.
In the flight above, four of the leaves were used
for a micrometeorite penetration study, and the other
four for the collection of micrometeorites for sub-
sequent laboratory analysis. The penetration experi-
ment consisted of exposing a 0.24 m 2 surface area
of 1/4-mil Mylar film directly to the high-velocity
flow field. Large micrometeorites would penetrate
the film. By placing a second Mylar film a short
distance behind the first, indications could be ob-
tained of the impact energies and angles of approach.
Calculations of the collection efficiency of this
sampler are at best poor estimates. This is so be-
cause at the lower altitudes (88 km) the high flight
velocity caused a shock wave to form at the bow of
the nose cone. This complicated the flow pattern and
made an accurate computation difficult. Calculations
made by assuming the collector to be an isolated
ribbon, however, showed that it should be highly
efficient on all particles larger than 0.3 _.
Retractable
Leave •
4-mil Mylar Film
• Boxe•
Fig. 9. Air Force Cambridge Research Laboratories Venus Flytrap. Closed position, left ; open position, center ; top
view. right .
Principle of operation: Ram air operated impactor.
Carrier Vehicle: Aerobee 150 rocket.
Collection Media: 0.24 m 2 of 1/4-mil Mylar for micrometeorite penetration studies--carried on 4 leaves. 0.13 m 2 lucite
plates covered with various substrates and surfaces amenable to electron microscopy studies -- carried on 4 leaves in 8
sample boxes.
Operating characteristics:
1) Altitude: 88-168 km.
2) Velocity: 1.2-0.05 km/sec.
3) Volume of air swept out by projected area of collection surfaces: 2 x 104 m 3 by the 0.24 m 2 area of Mylar film.
1 x 104 m 3 by the 0.13 m 2 are of sample boxes.
4) Collection Efficiency: undetermined, but neglecting bounce off should be highly efficient on all particles > 0.3 _.
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The problem associated with a particle's tem-
perature rise (Fig. i) during collection must be
solved before a device of this type could be used for
biological sampling.
On completion of the samplingperiod (while the
rocket was still ascending), a second spring mech-
anism closed the sampling ports and at the same time
covered and sealed the sample containers. Since
orientation of the sampler in the direction of flight
is important, samples were not taken during descent.
2. AIR FORCE CAMBRIDGE RESEARCH
LABORATORIES NOCTILUCENT CLOUD PARTI-
CLE SAMPLER (24). Particle sampling experiments
utilizing Nike-Cajun sounding rockets were conducted
in northern Sweden during the summer of 1962.
These tests, conducted jointly by scientists of the
United States and the University of Stockholm,
Sweden, utilized a sampler having the external
configuration shown in Figure 10. Two successful
flights were made, one in the presence of noctilucent
clouds and one when no such clouds were observed.
The collection surfaces were exposed between alti-
tudes of approximately 75 and 95 km during ascent
only.
To begin collection at sampling altitude, spe-
cially prepared collection surfaces were exposed by
spring ejection of an outer rocket nose tip. These
sampling surfaces were mounted in cylindrical con-
tainers.
On the two successful flights over Sweden, the
rocket aimed at visible noctilucent clouds collected
some 2 million particles/cm 2 of collecting surface.
This was between 100 and 1,000 times more than
the number of particles collected by an identical
probe which traversed the same path on a cloudless
night. The size of solid particles collected ranged
from 0.05 to 0.5 _ in diameter.
At sampling altitude, the collector and particles
were in a region of free molecular flow and it may
be assumed (neglecting the possibility of particle
bounce-off) that the collecting surface swept these
particles from a projected area volume with 100%
efficiency. With respect to the tests reported, parti-
cles were swept from a volume of approximately
30 m 3. Work is continuing and plans include collector
modifications that will eventually permit measure-
ment of particle size and concentration as a function
of altitude.
Collecting Ports
_ /_,/ _ Ejected. Rocket
y Nose Tip
Fig. 10. Air Force Cambridge Research Laboratories noctilucent cloud particle sampler.
Principle of operation: Ram-air operated impactor.
(arrier vehicle: Nike-Cajun rocket.
t'olleeliol_ media: 1) NitFocelhdose film with evap. alum. coating. 2) Nitrocellulose film coated with fuschine dye. 3) In-
dium film. 4) Calcium film with coatings of aluminum, paraffin and silicone oil.
Operating characteristics:
1) Altitude intcrwd: 75 to 95 km.
2) Velocity: 0.9-0.6 km/sec. 3
3) Volume of air swept out by projected area of total collection surface: approximate 30 m .
4) Collection efficiency: neglecting bounce off, should be virtually 100_X for particles 0.05-0.5 _ diameter.
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Althoughthe Air ForceCambridgeResearch
Laboratories'Nike-Cajunsamplercollectsparticles
from arathersmallvolume,it doesrepresentawell-
consideredeffort inwhichthedesignershaveaccep-
teda fewnecessarycompromisesinorderto obtain
a reliable,lightweightresearchtool.For biological
sampling,thesampledvolumeis muchtoosmalland
theproblemo2heatingis everpresent.
B. Aircraft-BorneSamplers
1. U-2 HATCHSAMPLER(7, 25).TheU-2
hatchsamplerisaram-air-operatedsequentialfilter
collector. The samplingpackage(Fig. 11) is a
'removablefoil fitted to the undersideof theair-
craft justbehindthepilotcompartment.Thesampling
ductandfilter beingexposedare locatedoutsidethe
aircraft body,whereasthe filter changerandthe
otherassociatedapparatusare inside.Entrancetothe samplingduct is a 12 cmx 21cm elliptical
openingthat is fitted with an internalbutterfly-
type closuredoor.Theductexpandsandchanges
from the elliptical openingto a 40-cmdiameter
circular cross-sectionat the filter location.Six
IPC 1478filters canbecarriedaloftduringeach
61
flight. They are stackedin the closedfilter-disk
housingandare insertedinto thesamplingductby
the changingmechanismuponcommandfrom the
pilot. Each40-cmdiameterfilter ismountedbetween
two screensand supportedin thebackby a cast
metalstiffener.
Samplingrate for the hatchsampleris about
100m3/minute.Collectionefficiencyat 20kmalti-
tude and 215m/second(415knots)flight velocity
wouldbe> 90%for allparticlesover0.1-_diameter.
TheU-2samplerin principlecouldbeusedto
advantagefor biologicalsampling;severalmodifica-
tions wouldbenecessaryto protect thebiological
integrity of this collectedsampleandto prevent
accidentalcontamination.
2. ISOKINETICASCADEIMPACTORPROBE(29). The isokinetic cascadeimpactorprobewas
developedfor Air WeatherServiceWB-50aircraft
flying routinemissionsat 500mbpressurealtitude
and120m/second(235knots)airspeed.Twoofthese
units havebeenin servicefor overayearandhave
beenusedfor samplingaerosolswhentheaircraft
arenotflyingin clouds.
Filter Changer Mechanism
Filter Disc Housing
Filters in Storage
Housing
Intake
Exhaust
Valve
Duct Filter in Sampling
Position
Fig. 11. U-2 Hatch Sampler.
Principle of operation: Ram air operated filter collector-- as many as 6 filters may be exposed sequentially during a sin-
gle flight.
Sampling media: IPC 1478 filter paper.
Filter area: 0.13 m 2.
Sampling rate: 10 m3/min at a flight velocity of 225 m/sec
and altitude of 20 km.
Allowable sampling time: up to 6 hr.
Altitude range: < 20 km.
Collection efficiency: >90% for D >0.L.
P
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This unit hastwoimpactioncollectionstages
followedby a filtration stage(Fig.12)thatutilizesIPC 1478filter paper.Particlesizecutpoints(par-
ticle sizeat whichcollectionefficiencyis 50%)of
the impactorstagesare 2 and0.3_, basedona
particledensityof2.0g/cm3.Designsamplingrate
of this deviceis about0.4 m3/minuteof ambient
air. It is capableof operatingonextendedflightsof
upto i0 hours.
Collectionsurfacesfor the impactionstages
consist of grease-coatedglass slides,whichare
mountedin removableslideholdersdesignedtogive
accuratealignmentof theslideswith respecto the
impactornozzles.Becausethesecond-stagenozzleis
quite small, a rotary slide is usedto presentagreaterareafor collection.This is actuatedby a
ratchethatrotatestheslideattherateof i/8 rpm.
Backup Filter
Fig. 12. Isokinetic cascade impactor probe (WB-50
aircraft particle sampler).
The sampling probe is mounted on the nose
section of the WB-50 fuselage. At this location, the
local air velocity and direction are slightly different
from that of the free stream; the local velocity is
about seven percent higher and the direction is
essentially parallel to the aircraft surface. These
conditions dictate both the sampling velocity and
the probe alignment if the principles of isokinetic
sampling are followed. For this sampler, however,
isokinetic conditions were attained by a cowling at
the probe's inlet. This has two advantages: i)the
inlet airstream can be decelerated to the velocity
required in the first-stage impactor nozzle, thereby
eliminating the necessity for an inlet diffuser that
could impair the impactor's collection character-
istics, and 2) a uniform-flow field is created within
the shroud that keeps the curvature of the inlet
flow lines small, preventing particle discrimination.
Although the velocity within the cowling is less than
the free stream velocity (50 m/sec compared with
120 m/sec) the streamlines in the center of the
cowling are straight, and it is these that lead to
the inlet of the sampler.
Because the WB-50 aircraft does not generate
sufficient ram pressure to permit isokinetic sam-
pling, an inboard pump must be used. Flow into
the pump is adjusted by a throttling valve to match
the inlet velocity in the first-stage nozzle with the
air velocity in the shroud. The flow rate through
the system, obtained from measurements of the
pump's inlet pressure and temperature, is accurate
to within +5%.
Operating conditions
Altitude: 5.4 km (500 mb)
Air speed: 120 m/sec
Flow rate: 0.4 m3/min ambient air
Design characteristics 1st Stage 2nd Stage
Particle size cutoffs, _ 2.0 0.3
Nozzle velocity, cm/sec 4,900 18,700
Nozzle diameter, cm 1,365 0.778
Filter IPC 1478
Filter diameter, cm 4.5
Filter face velocity, cm/sec 600
The principal disadvantage of the impactor
probe for biological sampling is low flow rate.
C. Balloon-Borne Samplers
As sounding vehicles for stratospheric sam-
pling systems, balloons are the "old stand-bys"
that now provide a capability for lifting relatively
large payloads to altitudes as high as 45 km and can
keep them there for hours or days with the expendi-
ture of little energy. Balloons are being used in
continuing programs by the Atomic Energy Commis-
sion, the Air Force, and other agencies in connec-
tion with monitoring the world-wide inventory of
residual bomb debris in the stratosphere.
An external closure door is used to prevent
contamination during non-sampling periods (which
includes the time the plane is flying through clouds).
During sampling, the door is drawn up and recessed
in the cowling. The door recess and the outside face
of the closure door are electrically heated to prevent
icing. In addition, the first-stage nozzle is heated to
lower the degree of saturation of the sample air,
thereby preventing condensation from occurring
within the sampler's body when the ambient air is
very humid, but has not reached the stage of cloud
formation or precipitation.
The unit is controlled by the weather observer,
but data such as elapsed time, pump inlet pressure,
and temperature are recorded photographically from
an instrument panel.
i. NATIONAL AERONAUTICS AND SPACE
ADMINISTRATION BIOLOGICAL SAMPLER (9, 10,
35). This balloon-borne unit (Fig. 13) was devel-
oped to collect microorganisms from the strato-
sphere. In physical size and construction the unit
is similar to the Atomic Energy Commission
direct-flow samplers: it is about 0.7 m in diam-
eter x 1.3 m long, and is fabricated entirely from
aluminum. Sampler skin and inlet cone are alum-
inum spinnings and the frame is aluminum tube.
Each unit weighs approximately 25 kg (without
associated apparatus). A blower is used to pull air
through a filter, and the flow volume of sampled
air is monitored by an anemometer-type flowmeter
located at the discharge of the blower.
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Four samplers,mountedatthecornersof thegondola,are carriedaloft duringeachflight.Total
weightof thepackageis about300kg.Normallyone
sampleris usedfor controlpurposesandthreeare
used for actualsamplingPrior to flight the four
assembledsamplersare autoclavedat 125C for
1 hour to kill off backgroundcontamination.The
inlets and outlets are coveredwith jettisonable
aluminumdustcoversthat protecttheunitwhenit
is removedfrom the autoclave.In addition,jetti-
sonablenylonshroudsare usedon the inlets.The
spring-loadedvalve closureis in theopenposition
andremainssountil samplingis completed.After
autoclaving,thesamplersaremountedonthegondola
andthe completesamplingpackageis enclosedin a
plastic shroud.Ethyleneoxideis pumpedinto the
shroud to kill off surfacecontaminationon the
gondolaand samplers.Just before take-off, the
shroudis removedandspring-loadedclosuredoorof
oneof the samplersis released.It slamsshutand
locks in theclosedposition.Thissamplerprovides
a groundcontrol.Thesystemis designedto sample
duringthedescendingportionof theflight, so the
ballooncarriesthepackageto maximumaltitude,at
_ / ExhauBt Duct
•_ _ _ Iata_e
I  o oo,o 
Tachometer
Fig. 13. National Aeronautics and Space Adminis-
tration biological sampler (balloon-borne}.
We ight:
Sampler, 25 kg.
Batteries & aux. equip., 50 kg.
Blower: Torrington 704, 0.52 hp.
Filter:
(biological sampling}, Polyurethane foam, 80-pore,
2
0.09 m .
(radioactive particulates}, IPC 1478 paper, 0.09 m 2.
Sampling rate: Poly filter IPC Paper
18 km 30 m3/min 20 m3/min
25 km 30 m3/min 15 m3/min
30 km ... 10 m3/min
35 km ... 3 m3/min
Volume determination: from PR-2 flowmeter and/or
blower rpm.
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which point the jettisonable dust covers and nylon
shrouds are released and parachuted to earth.
Simultaneously, sufficient helium is vented from the
balloon to permit a controlled descent rate of about
150 m/minute. Shortly after descent starts, two
samplers are energized. The first one samples for a
short period (about 3 min), is shut off, and its
spring-loaded closure door is released. The sample
collected by this unit serves as an in-flight control.
The other unit samples through a preprogrammed
altitude range (for example, from 27 -- 18 km); then
it too is shut off and sealed. The remaining unit
samples over a second altitude increment (for ex-
ample, from 18 -- 12 km). The balloon continues on
its descent until the sampler impacts, whereupon it
is cut loose to avoid dragging the payload. Each
sampler body has a smallpressure-equilibriumport
fitted with an absolute filter so that during ascent
and descent only sterile air leaks into the unit.
About 0.09 m 2 of 1.3 cm thick 80-pore poly-
urethane foam (Scott) is used as a filter medium
for the biological sampling missions. Other media
(such as IPC 1478) would also be compatible with
the mechanical system.
For sampling below 30 km altitude with a
balloon-borne sampler, the National Aeronautics and
Space Administration unit concept is good. Several
modifications to the existing system could, however,
be made to decrease the contamination possibility
both before and after sampling.
2. ATOMIC ENERGY COMMISSION EJECTOR
POWERED IMPACTOR SAMPLER (17). This unit
represents the first attempt to sample large volumes
of stratospheric air by a jet impactor. In the past,
when sampling systems were limited to altitudes of
less than 30 km, the flow rates obtainable with
submicron impactor collections were small. Heavy
pumping systems were required to provide the large
pressure drop needed for accelerating the air at the
impactor nozzles to high velocities. As altitude
capabilities were extended above 30 km, it became
apparent that impactors could be used to advantage.
Significantly, at these altitudes impactors do not
suffer from their usual deficiencies at lower heights.
The particle slip factor becomes extremely large,
thereby permitting the effective collection of sub-
micron particles with large (centimeter size)low-
velocity jet systems. In addition, flow rate can be
increased through the use of multiple jets to com-
pare with that of contemporary filter units, and the
pressure-drop characteristics of the sampler are
compatible with the lightweight air-ejector pumping
system.
The sampler has two impactor stages followed
by a filter stage (Fig. 14). The first stage is designed
to have 19 nozzles 1.8 cm in diameter and it will
be 50% efficient at 0.3 _. The second stage has 49
nozzles 0.7 cm in diameter and will be 50% efficient
for 0.03-_diameter particles. The sampling rate is
15 m3/minute for 100 minutes. The filter paper
presently being used is IPC 1478.
The samples are protected on both the upstream
and downstream sides by closure doors. With the
exception of the sampling period, these doors are
sealed from the time the sampler is assembled in
the laboratory until it is returned for disassembly
after the mission has been completed.
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The air ejector-impactorcouldbeusedfor
biologicalsampling;however,the secondimpactor
andback-upfilter wouldservenousefulpurposein
collectingmicron-sizedparticles.Avariationofthis
sameunit has beenflownfor the AtomicEnergyCommissionwithonlya filter (noimpactorstages)
andthis form shouldbewell suitedfor biological
sampling.Either a balloon-borneair ejectorfilter
or air ejectorsingle-stage,multiple-jetimpactor
would provide an extremelyattractive sampling
packagefor biologicalsamplingin the25to 45km
altituderange.Sampledvolumesof 104m3 should
be possiblewith this type of samplingsystem.
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Fig. 14. Atomic Energy Commission air ejector powered impactor sampler (balloon-borne).
Weight: (sampler & aux. eqpt.) 100 kg.
Operating conditions
Altitude: 25-45 km
Sampling rate: 15 m3/min ambient air
Allowable sampling time: 50-200 min
Design characteristics 1st Stage 2nd Stage
Cutpoint 0.3 _ 0.03
Number of jets 19 49
Jet diameter 1.8 cm 0.7 cm
Jet velocity 5000 cm/sec 16,200 cm/sec
Volume determination: PR-2 flowmeter
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Discussion
Phillips--I got lost in your surface heat
figures for rockets, high-performance crafts/or
something like that. Are you talking about the
temperature of a compressed air film?
Lundgren -- Just from thernlodynamic consid-
erations, if you consider the temperature rise
resulting from accelerating a particle from zero
velocity to the flight velocity of the vehicle, isen-
tropically, the plot would give this temperature rise
as a function of the flight velocity.
Phillips -- This would be a temperature to which
the mieroorganisna would be exposed for a fraction
of a second?
Lundgren -- This would depend upon the collec -
tion system. If the microorganisms were impacted
out on the frontal surface of a collector, and this
collector were continually exposed to the air stream,
then the entire frontal surface would approach this
temperature; the organism would then be exposed to
this temperature for a long period of time.
Phillips--_/es, but usually one is bringing
things back inside some kind of a collecting device.
Lundgren -- Right. There is a heat transfer
problem involved here. The particle may not attain
this temperature. It would take time to do so. A
gas molecule would attain this temperature, but how
much of this heat would be transferred to the
internal part of the organism?
Phillips--I really only wanted to make the
comment that the situation might not be quite as
pessimistic as you think. The lethal effect of heat
has not only a temperature, but a time factor. It's
not only the temperature one attains, but the time
of exposure and the resistance of microorganisms to
extremely high temperatures. One can mix organisms
with nitrocellulose, explode the nitrocellulose, and
obtain sizeable numbers of viable microorganisms
in aerosol form. The explosion temperature is high,
but the time is correspondingly short, and all cells
are not killed.
Lundgren --Dr. Greene has some data on
the effect of time, temperature, and viability of
lyophilized %rratia _:,ura'sccns and Bacillus globi_ii. In
his experiments the bacteria were exposed to
temperatures of 70 to 200 C for 0.5 to 1.68 sec-
onds. ,g. marcrscrtzs showed a log decrease when
subjected to 125 C for 1.68 seconds where the
hardier II !lhflmlii withstood 175 C for tile same
time period before showing a tenfold viability
redu('tion.
Phillips--These times are stili long when
compared to times of passage through the high-
temperature gas phase in an explosion.
Lundgren --The problem is preventing the or-
ganisms from being collected in a position or by a
device that would subject the organism to this
ternperature for a long period of time. With reason-
able time periods this temperature would have
serious effects, but if there were some method by
which the organ.ism could be moved rapidly through
this high temperature area it would be a different
problem and one which probably could only be
answered by experimental work.
Gregory--I have two questions. I am inter-
ested in your remarks on interception. Does this
have any practical significance? It looks like a
small effect. The particle would be in a position to
receive maxinmm blast from blow off on the edge of
the fiber? Question two is, have you any data on the
retention of viability by organisms exposed to a
fast-moving air stream on the surface of the filter
paper or mass of fibers? There they are not quite
in the same position, not quite in the same environ-
ment. as they are when in suspension in air.
Lundgren -- We have some results from the
decrease in viability of lyophilized organisms collec-
ted on polyurethane foam. As I recall, there was no
significant decrease m viability when sampling from
i0 to 1,000 miimtes with sampling velocities on the
order of 1.000 ft mutate. There is a velocity effect,
but not at the conditions obtained with the balloon-
borne samplers or at the velocities encountered.
You mentioned blow off. When you consider the
forces holding a micron-size particle to a surface,
you'll see that the blow off is extremelylow because
the adhesive forces are quite high. The force one
can get on a micron-size particle with anythmg
much less than sonic velocities would not tend to
blow it off, whereas with a particle of 10to 100
diameter, the ease is quite different. Then the parti-
cle can be blown off or be re-entrained m the air
stream. Another factor is bounce off. Even a milE-
micron-size particle hitting a surface at high velocity
may bounce off. Bounce off can be defined differently
from re-entrainment by a time factor. We have
conducted some low pressure bounce-off studies
using impaetors. An adhesive is needed when the jet
Reynolds number in the impaetor is greater than a
thousand or so. (For Reynolds numbers less than a
hundred an adhesive is not required.) The required
adhesive thickness is a function of the particle size.
An adhesive that is several times thicker than the
diameter of the particle is sufficient to prevent
bounce off.
Ranz--I would like to ask the speaker if he
can give us some information about how fast the
particles hit. Perhaps some of our friends m the
audience could tell us about how fast the particles
can hit and still live.
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Lundgren- That's a good question, but I have
no data to present. This, again, would be a limitation
to high-speed sampling. I can imagine a biological
particle being shocked in some way by a rapid
deceleration from Mach 2 down to zero. What effect
this has I don't know, but it sounds like it should
have a rather drastic effect.
Phillips--Some experimental data touch on
this. Ordinary impactor samplers operating at room
temperatures, for example, cause air to be drawn
through at sonic velocity, thus impacting particles
on hard sffrfaces at somewhat slightly less than
sonic velocity. Thus at a hard impaction just under
Mach 1, there's almost 100% survival of bacterial
spores. With vegetative microorganisms the percent-
age of survival will decrease according to the
fragility of the organism. There's seldom 100%
survival; with some organisms there will be almost
zero survival. With more resistant organisms like
staph, there could be as much as 50% survival.
Lundgren--I assume the organisms in the
stratosphere tend to be of the more hardy types
you mentioned rather than of the less hardy types.
Phillips--Well, there's a fantastic range in
hardiness among vegetative bacteria. You can't give
one figure just for vegetative, and another for spores
as to what happens upon impaction. However, almost
all of the bacterial spores and many of the fungal
spores can survive.
• t
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Detection and Study of Microbial Population
in Upper Atmosphere
Simulated High Altitude Microbial Sampling With an Electrostatic Precipitator
David Nicholson, William J. Oswald,
and Robert C. Cooper 1
University of California
Berkeley
Abstract __
In our study of microorganisms that might exist in
the upper atmosphere, a method of capturing such micro-
organisms in viable form is required. Theoretical studies
indicated that a high collection efficiency could be attained
with an electrostatic precipitator under near vacuum
conditions.
Experimental verification of the theoretically high
efficiency of the precipitator and of the viability of
organisms captured was sought through use of a labora-
tory aerosol chamber. In the chamber, suspensions of
Serratia marcescens were established with atomizing equip-
ment. An air stream drawn from the chamber was
passed through the precipitator and through an Andersen
sampler in parallel. The collected material was re-
grown and enumerated to evaluate the collector effi-
ciency as compared with the Andersen. Many more
viable organisms were collected in the Andersen than in
the precipitator. With a second Andersen in series
following the precipitator in the air stream, it appeared
that the precipitator removed many more bacteria than
could be enumerated as viable. On the basis of the
limited evidence presented, it is tentatively concluded
that S. marcescens was to a large extent killed during
collection in the electrostatic precipitator. The killing
mechanism (perhaps ozone production in the corona dis-
charge of the precipitator) is under study. Studies are
also in progress to modify the precipitator to increas_
its efficiency.
1Respectively, graduate research engineer, asso-
ciate professor and assistant professor, Space Sciences
Laboratory, University of California, Berkeley.
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With development of the science of micro-
biology and of methods for detecting microbial cells,
the ubiquity of microbial life is well established.
Microbes abound in the soil and water of the earth
and pervade its atmosphere. In the air near the
earth's surface there are usually more than a mil-
lion microbial cells per cubic meter and during
disturbances such as dust storms this number may
increase by several orders of magnitude. To what
elevation above the earth can microbes be carried?
Does microbial life exist at 50, 100, or 200,000 ft or
beyond? If such life could be found in the upper
atmosphere, could it originate from the surface of
the earth, borne upward by violent winds? If so, then
is this life carried by winds only to the limit of the
dust sphere below 37,000 ft? Or is microbial life
carried upward by volcanic eruptions or atomic bomb
explosions ?
Could microbial life exist in the upper atmos-
phere because it pervades the universe?
If windborne, one might expect to find a normal
lapse rate for microbial life similar to the normal
lapse rate for pressure with elevation. On the other
hand, if microbial life continuous ly enjoins the at mos-
phere from outer space, one could perhaps expect
increased numbers of microbes in the upper atmos-
phere during meteor showers or during interception
of one of the many comets by the earth's orbit. If
one were to find that there is no true ceiling for
microbial life in the atmosphere, it should follow
that microbial spores could occasionally attain
escape velocities, thus entering a pan spermatic
population.
Since the studies of Walker (8)and of Rogers
and Meier (7), it has been the objective of many
investigators to chart the profile of microbial
occurrence in the upper atmosphere. In spite of
these many efforts, however, the microbial profile
remains undefined.
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One explanationof our inability to define
a profile is that noneexists.Theworkof Greene(2) indicates,however,that microbesoccurup to
90,000ft.
Anotherexplanationof our inabilityto definea
profile is the possibilitythat microbialformsare
notdetectedbecausetheyarekilledbytherigors of
theupperatmosphere.Thefactthatmicrobialforms
are capableof withstandingthe conditionsin the
upperatmosphereis indicatedbytheworkofGreene,
andby that of Morelli (5),whohasdemonstratedthat Bacillus subtilis can withstand a vacuum of
10 -8 mm Hg for 35 days. This pressure corresponds
to that in the atmosphere well above 100,000ft. High
temperatures that exist in the upper atmosphere may
be lethal to microbes; the effects of high tempera-
tures at the low pressures that are present in the
upper atmosphere are unknown. Reported concen-
trations of ozone in the upper atmosphere approach
the 0.2 ppm which was indicated by Elford (1), to
be lethal to moist bacteria deposited on surfaces,
but little is known of the permeability of ozone into
spores at reduced pressures. Hence, we conclude
that no ceiling is clearly imposed by environmental
conditions in the upper atmosphere.
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ample, a concentric-cylinder version was described
by Houwink in 1959 (3). It was decided therefore to
investigate the electrostatic precipitator as a po-
tential device for sampling bacteria in the upper
atmosphere. The special advantages of an electro-
static precipitator are i) theoretically high effi-
ciency for collecting particles at high flow rates
and 2) low resistance to high volumes of air flow.
The major difficulty in establishing a microbial
profile in the atmosphere is the simple lack of a
sufficient number of reliable samples. Our program
at the University of California has therefore been
oriented toward the development of versatile, inex-
pensive, and reliable microbial sampling systems.
Our efforts to date have been centered upon develop-
ing these systems in the laboratory prior to under-
taking a high altitude sampling program. Our
objective is to develop a sampling system versatile
enough to be used with any type of conveyance, be it
balloon or artillery shell. We hope to develop a
system so inexpensive that a large number of
samples can be taken at relatively low cost. We hope
to develop a sampler in which asepsis is easily
maintained and one that will trap a sufficient num-
ber of microbes for dependable results. We have
not put our entire efforts into any single system.
Our selection of a preliminary system was
based upon several criteria. In the first place, a
device was sought which will efficiently collect
particles about one micron in diameter, the assumed
most probable diameter of high altitude microbes.
In the one-micron range of particle size, according
to McCabe (4), any collection mechanism is the-
oretically in the transition zone between utilizing
the effects of inertia and those of diffusion.
Deflection, impaction, and filtration devices
did not appear ideal for a number of reasons. For
example, impactors could conceivably kill microbes
by conversion on impact of kinetic energy to heat
energy. The same problem could arise in the use of
deflectors. Filtration, on the other hand, poses severe
limits on the volume of atmosphere that can be
sampled. The device which apparently overcomes
most of these objections and meets nearly all of our
specified design criteria is the electrostatic pre-
cipitator. Electrostatic precipitators have been used
by various people for air sampling as well as for
commercial and domestic air cleaning. Various
modifications of the basic concept exist; for ex-
Methods
The theoretical equations of White (9) (Fig. 1)
were used as a basis for design of the precipitator
system to be evaluated. In its present form the
electrostatic precipitator tubes have an inside diam-
eter of 2 inches, a wall thickness of 1/8 inch, and a
length of 13-5/8 inches. Two materials have been
tested for the precipitator tube. Aluminum is used
when the recovery technique does not require cul-
turing the organisms inside the tubes. Pyrex glass
coated with stannic oxide for electrical conductivity
is used when the technique requires culturing di-
rectly in the tube. The aluminum inner electrode is
3/4 inch in diameter with a hemispheric tip from
which extends a tungsten discharge wire 0.016 inch
in diameter and 1/2 inch long (see also Fig. 2).
From White's equation and the precipitator dimen-
sions, theoretical variation in efficiency of the pre-
cipitator with particle size was computed. The pre:
cipitator theoretically attains an efficiency of 98%
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for particles of 1 oin diameter when conditions a re  
^as stated (Fig. 2). 
The precipitator, ready for an experimental 
run, is shown in Figure 3, mounted in a special 
test holder. The glass outer cylinder is shown. During 
collection of samples, discharge of ions from the 
thin electrode tip ionizes such air molecules as may 
be present. The charged air molecules then intercept 
particles which enter the field. As a collectable 
particle enters the field it becomes charged and 
passes to the outer electrode. Following a run the 
collection tube may have viable microbes on i ts  
surface. 
AIR SUPPLY 
FLOW METER 
n VALVE 
I POWER 
SUPPLY 
ELECTROSTATIC 
PRECIPITATOR 
Fig. 3. Electrostatic precipitator in test position. 
Glass barrel is normally replaced with aluminum outer 
electrode. 
To experimentally calibrate the electrical 
properties of the precipitator under atmospheric 
conditions (and eventually under low pressure con- 
ditions to simulate the upper atmosphere) a special 
test  system was devised (see block diagram, Fig. 4). 
In performin the calibrations the electrostatic 
precipitator ref. Fig. 3) with a 1-inch discharge 
wire was  adjusted to the desired internal a res -  
sure  and flow rate.  Variable high voltage was then 
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EXHAUST 
FIG. A BLOCK DIAGRAM OF TEST FOR ELECTRICAL CHARACTERISTICS 
OF THE ELECTROSTATIC PRECIPITATOR AT LOW PRESSURE 
applied throughout the applicable range of pres- 
sures  and flow rates  and recorded giving both 
data on calibration tests for voltage and current 
(Figs. 5-8, incl.). 
In Figure 5 the relationship is shown between 
current and voltage in the precipitator with an a i r -  
flow of 1 scfm at atmospheric pressure for both 
positive and negative corona discharge. The current 
in the precipitator (Fig. 5) increased rapidly with 
increased voltage between 2 and 10 kv for negative 
corona and between 4 and 11 kv for positive corona. 
In Figure 6 a r e  shown the results of tests 
carried out to calibrate the voltage versus pressure 
relationships for the precipitator. At low pressures 
(below 1 inch of Hg abs.) little voltage was required 
to maintain a current of 150r amps when air flow 
was 0.39 scfm. 
In Figure 7, a calibration i s  presented of 
current versus pressure for a constant a i r  flow of 
1.3 scfm and 5.0 kv. Current decreased with in- 
creasing pressure. 
In Figure 8 results a r e  presented on calibration 
of current versus a i r  flow for constant a i r  pressure 
and precipitation voltage. Current was unaffected by 
a i r  flow. 
Having calibrated the electrical properties of 
the precipitator we next undertook a ser ies  of 
simplified tests to evaluate the effectiveness of the 
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electrostatic precipitator in collecting a known
microbial aerosolat atmosphericpressures(see
block diagram,Fig. 9). Anaerosolchamberwas
usedas a reservoirfor microbialcells (seefore-
groundof Fig. 10;for identificationof otherpor-
tions, seeFig. 9).AnAndersensampler(AndersenSamplerandConsultingServices,Provo,Utah)used
in serieswith theelectrostaticprecipitatoris not
shownin Figure10.
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The experiments delineated (see diagram, Fig.
9) were carried out primarily to compare the experi-
mental efficiency of the precipitator with that of an
Andersen sampler in parallel. A second Andersen
sampler was used following the precipitator to deter-
mine the number of organisms escaping the precipi-
tator and caught by the Andersen.
During a typical evaluative test a wet inoculant
of Serratia rnarcesccns was introduced into the aerosol
chamber utilizing a vaponefrin nebulizer as an
aerosol generator. S. marccscens is typified by a
characteristic red color when cultured on certain
nutrients, making it easily identifiable in spite of
the occurrence of contaminating microorganisms.
The chamber was pressurized to 5 psig to create a
positive pressure differential which would then pro-
vide adequate flow through the precipitator.
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BLOCK DIAGRAM OF TEST FOR COLLECTION EFFICIENCY OF 
THE ELECTROSTATIC PRECIPITATOR AT ATMOSPHERIC 
PRESSURES 
Air was drawn from the aerosol chamber 
through flow meters in two parallel streams. The 
volume of each was controlled through a calibrated 
critical flow valve (cf. Fig. 9). One s t ream passed 
through the precipitator and then the Andersen 
sampler. The Andersen here was used to establish 
the number of organisms not collected by the pre- 
cipitator. The other s t ream passed directly through 
an Andersen sampler. 
Andersen sampler colony counts were made by 
collecting the samples on petri dishes containing 
tryptic soy agar (Difco) and incubating at 37C for 
24 hours. This medium enhanced the production of 
the characteristic red color of S. marcescens. 
The inside of the outer tube was then coated 
with either high vacuum grease (Dow Corning) o r  
with glycerin to provide for microbial adhesion to 
the walls of the precipitator. Occasionally tubes 
were used with no coating on the surface. 
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After the standard run of 2 minutes the tubes were 
removed from the holder and closed with steri le 
rubber stoppers. To recover S. rnarcescens the alu- 
minum precipitator tubes were rinsed three times 
with 100 ml of steri le buffered water and finally 
rinsed with 5% Tween 80 (Atlas Powder Co., Wilm- 
ington, Del.) o r  with 0.05% Triton X-100 (Millipore 
Filter Corp., Boston, Mass.) .  
The effluent was drawn through an HA-type 
Millipore filter (Millipore Filter Corp.) and incubated 
on tryptic soy agar at 37C for 24 hours. 
For recovery, about 50 ml of steri le tryptic 
soy agar were aseptically placed in autoclaved glass 
precipitator tubes; these were then rolled on an 
electric tumbler until the agar jelled. These were 
incubated at 37C for  24 hours to check for con- 
tamination. If the tubes were found to be steri le they 
were then exposed in the test apparatus to deter-  
mine efficiency, and again incubated at 37 C for 
24 hours. The resultant colonies were counted 
directly through the tubes. 
Uncoated steri le glass tubes were also tested 
in the precipitator. Sterile liquified tryptic soy agar 
at 45C was added to the tube after exposure. As 
with the coated tubes, these uncoated ones were then 
rolled until the agar solidified, and were incubated 
The precipitator tubes were autoclaved and 
then placed in the nylon holder, shown surrounding 
the glass tube (cf. Fig. 3), using steri le techniques. 
Fig. 10. Aerosol chamber with electrostatic precip- 
i tator and Andersen sampler in parallel. 
74
at 37Cfor 24hours.Theresultantcolonieswere
thencountedthroughtheglasstubes.
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The mixture wasthentitrated with a 10-3 molar
solutionof sodiumthiosulfate.
Duringtheexperimentalevaluationit became
evidentthatprecipitatorrecoveryefficiencieswere
low. It wassurmisedthat ozoneproductionwithin
the precipitatorwasa possiblecause.As a con-
sequence,experimentalstudieswere initiated to
determinethe extentof ozoneproduction.A special
apparatuswassetuptotest for theconcentrationof
ozonegeneratedby the precipitator(seediagram,
Fig. 11).Air wasreleasedthroughtheprecipitator
at 0.535scfmfor5minutes,withtheaerosolchamber
at 5psigfor a constantpressureair supply.
Mter passing through the precipitator the air
was passed through a modified Smith-Greenberg
impinger used as an ozone sampler. The impinger
tube contained 50 cc of a 5% potassium iodide solu-
tion.
The air was then metered and exhausted. After
sampling, the impinger liquid was tested for ozone
using Sch'bnbein's method (9). Two milliliters of a
5% starch solution were added to the iodide solution.
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FLOW VALVE
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ELECTROSTATIC
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EXHAUST TO ROOM
FIG. II. BLOCK DIAGRAM OF TEST FOR OZONE PRODUCTION
The concentration of ozone, in milligrams per -
liter is given by the following:
0 3 conc., ppm =
(vol. Na2S203, ml) x (2.4 mg O3/ml Na2S203)
84/liters air
Two efficiencies from the voltage-related bac-
terial efficiency tests are important in evaluating
the performance of the precipitator (Figs. 12 and
13).
The first, the collection efficiency was com-
puted on the basis of the proportion of S. marcescens
that was precipitated (or was not precipitated but
rendered non-viable by passage through the precipi-
tator) to the total number of organisms entering the
precipitator. An effort was made to normalize the
data (Fig. 12). This collection efficiency was com-
puted by taking the ratio for each runof S. marcescens
collected by the Andersen sampler in series be-
hind the precipitator in the flow stream, to the
number of colonies of S. r,,arcescens collected by
the Andersen sampler exposed in the parallel air
stream. This ratio was divided by a similar ratio
computed from the average of the test runs utilizing
the same procedure with the exception that no charge
was applied to the precipitator. Under these condi-
tions no ozone was formed. This new ratio subtracted
from unity, gives the collection efficiency as a
fraction. Collection efficiency increased as a function
of voltage applied to the precipitator (Fig. 12). Wide
variation in efficiency was evident, however. Nega-
tive efficiency resulted from fluctuations in the con-
trol runs and from the expression used to define
collection efficiency. An alternate explanation might
be that we had created life!
The second efficiency, recovery efficiency,
(Fig. 13) was computed by taking the ratio of the
number of colonies of S. marcescens recovered from
the precipitator to the number of colonies of
S marcescens recovered from the Andersen sampler
in the parallel flow stream. This ratio was then
divided by the collection efficiency for the same run.
Recovery efficiency appeared to be a function
of voltage, but again negative recovery efficiencies
were obtained.
In Figure 14 are shown the results of deter-
minations of ozone concentration as a function of
current from the precipitator for positive and nega-
tive corona discharge. Relatively high concentrations
of ozone were produced in the corona.
Discussion
Information obtained with the precipitator at
atmospheric pressures may not validly reflect the
performance to be expected under the reduced pres-
sures of the upper atmosphere. Tests were conducted
primarily to develop analytical procedures with the
aerosol chamber and bacteriological techniques with
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the precipitator tubes prior to conducting low pres-
sure experiments. Superior efficiency possibly can be
attained with the precipitator at reduced pressures,
because less ozone will be produced. Unfortunately
it has not been possible to run the reduced pressure
experiments, because of administrative delays in
obtaining apparatus. These delays have now been
overcome and further testing of the electrostatic
precipitator at reduced pressure is in progress.
The principal change in apparatus now imple-
mented is development of a symmetrical flow
divider to be used in dividing air flow to the
Andersen and electrostatic precipitators. The flow
divider used in the currently reported experiments
was asymmetrical (Fig. 10). While the quantity of
flow in each branch of the divider was equal, some
variation in Reynolds number could have caused the
unexpected results. Correction of this asymmetry
could considerably modify future results.
Conclusions
The physical and electrical properties of the
electrostatic precipitator give theoretical promise
of an efficient high-altitude bacterial sampler.
Unfortunately, low recovery efficiencies have been
obtained at atmospheric pressures probably because
of the high concentrations of ozone produced.
In the future, ozone concentrations can be
reduced by changing the geometry of the discharge
electrode and by reducing voltage. It is assumed that
low pressure experiments will be essential to fully
realize the potential efficiency of the electrostatic
precipitator as a high altitude microbial sampler.
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Discussion
Goetz--How would one operate the Andersen
sampler, which works on the impaction principle at
low pressure? You will not have any more remotely
the acceleration or deceleration that is needed.
Nicholson- We used the Andersen sampler in
our lab tests as a comparative sampler to the pre-
cipitator. When we go to high altitude simulation we
can still use the Andersen sampler as a parallel
comparative sampler. It takes a known quantity of
air from the aerosol generator at 5 psig, so there
is a line coming off the aerosol generator to the
Andersen and to the precipitator; it can still be at
atmospheric pressure. The other line going into the
low pressure end is then drawn down to the low
pressure. Now, behind the precipitator one will not
be able to put in an Andersen. We either forego that
or use some sort of an impinging device.
Goetz --No, it's not necessary. One can use a
self-propagating device which operates on the im-
peller principle like the aerosol spectrometer. It is
possible to get a considerable air flow under those
conditions and still take advantage of the Cunningham
correction for the Stokes' fall, which makes these
particles drop out much faster while the rate of
precipitation remains the same as far as centrifugal
acceleration is concerned.
Nicholson- We have been following something
similar to this in some preliminary ideas for
another sampler which does not involve passing the
air through a sampler, or impelling the air in any
way. Passing the sampler over the air may be an
easier method than pumping air through the
sampler.
Goetz-Some time ago we conducted another
institute in Europe. We were successful in using a
centrifugal device which is pressure independent.
Still you can accelerate and produce a dropout
independent of pressure conditions.
Brown-- I couldn't tell whether you presented
the data or not, but is the voltage current relation-
ship dependent upon air velocity in your precipitator,
or is it completely independent?
Nicholson -- We have been thinking about this.
The problem with centrifugal sampling at high
altitude is that one must pump the air through the
sampler.
Nicholson- In Figure 8 we have current vs.
flow for a constant voltage and a constant pressure.
The current is constant, while the change in flow,
hence velocity, is between 20 and 100% of 2.6 scfm.
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Soften--I'd like to know what your thoughts
are on changes of humidity as a function of the
ability of the electrostatic principle to work, es-
pecially at high altitudes.
Nicholson- We have no way of controlling the
humidity in our test program. The air passing from
5 psig to the equivalent pressure at 100,000 ft is
certainly not going to be in equilibrium for humidity.
At this time we don't have methods for measuring
it. It would be nice to control it. We should measure
humidity; we should also measure the ultraviolet
light that we're producing.
Soffen -- I'd like to just follow my question
with some positive suggestion. We've been working
on electrostatic methods also and we thought that
perhaps it would be logical that as humidity de-
creases one can expect electrostatics to work more
effectively. This worked fine down to a point. The
quantitative point I don't know yet because we
haven't been able to measure it, but the collection
was increased as humidity was decreased down to
some point, then there was a sharp dropoff, and
finally there was no collection. I've asked a number
of physicists for-an explanation of this and haven't
received a good explanation yet.
Question from audience--Is it a change in
viability ?
Soften --No. It's a change in the ability to col-
lect simple particles. They are collected by drying
to some point, and then as they beginto get severely
dehydrated, collection ceases.
Question from audience --What was the pres-
sure at which you...
Soften--This was performed at atmospheric
pressure.
Question from audience--I believe the prob-
lem is the surface film of moisture on the particle,
the way it conducts, and the way this changes the...
Soften--Well, that's the explanation that
physicists have offered, but I don't quite understand
exactly how that works. If you have an idea I'd like
to hear it.
Well, for the sake of the others in the audience
who haven't heard it, the sample is at atmospheric
pressure. We dried particles and increased our
collection efficiency somewhat. However, when the
material was made very dry our collection was zero.
There was an abrupt decrease in efficiency. The
explanation that physicists had given me is that the
last layer of water is stripped off each of the
particles and that the particles can no longer be
charged.
Goetz- The particles were organisms?
Soften -- No, in this case they were road dust,
the conventional standard Arizona road dust particles
with which most of you are familiar. But stripping
off the last water layer sounds extremely simple; I
don't quite understand the physics of that either.
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MacLeod -- How are you drying the air ?
Soften--Simply by heat. We raised the tem-
perature, replaced the atmosphere, and thenlowered
it, and monitored the humidity over the sample.
Goetz --How high do you go?
Soften- It's how long, not how high. We don't
go terribly high, but we do this for a long period of
time and connect it to a vacuum, then return it with
dry nitrogen.
Phillips --I couldn't read your chart. When you
ran the experiment through an Andersen collector
on one side, and on the other side through a charged
electrostatic precipitator, with a backup Andersen
sampler, were you getting any counts at all on the
backup Andersen sampler behind the electrostat?
Nicholson -- We would vary the voltage on the
precipitator when we did this. We tried to correlate
it by saying that when we had no charge on the pre-
cipitator we had proportional amounts on each
Andersen collector, depending upon how the air flow
was divided. When we raised the voltage we got a
definite correlation, a definite dropdown on the
Andersen counts behind the precipitator.
Phillips -- But they did not go to zero as if you
were killing all the things that were going through?
Nicholson--The problem is we can't recover
them. We can't get them out of the tube. Either they...
Phillips --You couldn't get anything out of the
tube, but you got a count on the Andersen after going
through the tube? Even though there was ozone
present? When your current was on your backup
Andersens the air was going through the tube. It
was building ozone. The ozone was also passing
through your Andersen. Right?
Nicholson -- Yes.
Phillips- Right. Now, did you get counts from
the Andersen under those conditions?
Nicholson- Our figures showed that the num-
bers were dropping off as we increased the current,
which would happen...
Phillips--Which would happen if you were
getting collections.
Nicholson -- Yes, and would also happen if
ozone were affecting the precipitated particles or
the ones caught on the Andersen.
Phillips --But under those conditions you were
not able to recover any from your tube, itself?
Nicholson -- Very uneven counts. Houwink (3) in
Holland, who tried an electrostatic precipitator, had
a water bath in one case which spun down the tube.
He collected his particles on this water bath; in
another case he tried agar-coated tubes. He had
good efficiencies, and he was able to recover them.
We assume from this that the effect of ozone on a
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particledepositedonAndersenplates_wouldnotbe
great becauseof the protectionagainstozoneaf-
fordedbythis moistureandthis protein.
Greene-- I haveonecomment:Youmightpos-
sibly saveyourself a lot of time andtroubleby
doing the preliminarywork with somethinglike
fluorescentdustsor dyes,becausewith the low
viability that youaremeasuring,theoverwhelming
phenomenonis probablythe dehydrationof the
microorganismsduringnebulizing.Until youstart
disseminatingdry particles I don't believethat
you're measuringkill byozoneor by impaction,or
that you're even measuringefficiency,but that
you're measuringanentirelydifferentphenomenon.This hasbeenour experience,andwe foundthat
preliminaryworkon collectionefficiencycouldbedonewith inanimateparticles just as easily. I'd
like to askDr. Goetzto comment.
Goetz--I wantedto askthe questionin con-
nectionwith Dr. Greene'sremark.I havethesame
feeling. Hasthe microorganismin your nebulizer
beensuspendedjust inanisotonicchloridesolution,
or has it beenin contactwithprotectivecolloids?
Nicholson-I don'tbelievewe triedanypro-tectivecolloids.
Goetz--Skimmilk is afamouscolloidtomake
them survive longer.In anycase,as Dr. Greene
said, one probablyhas to beafraid to createan
artifact whichnaturemaynotproduceso readily.
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use lyophilizedbacteria. We tried a numberof
different methodsfor lyophilizing S. marcescens f
this was, to say the least, quite unsuccessful. When
we did use dried samples we found that the samples
were collected in the generator rather than in the
precipitator or farther downstream in the system.
In other words, in the process of producing a col-
lectable dust one would evidently produce unlike
charges on the organisms and they would adsorb or
stick on any surface that they happened to come to.
This was a problem. We then went not to Arizona
road dust, but to California dehydrated chicken
manure, which we found was subject to the same
difficulties. This is why we finally compromised in
these preliminary experiments by using Wet mate-
rial from which to generate our aerosol. This
aerosol was generated from the original medium in
which the organisms were grown, rather than from
any special isotonic solutions.
Brown- Do you know where the particles that
were in the precipitator picked up their charge?
Were they charged when they entered the precipi-
tator or did they acquire their charge in the
precipitator?
Nicholson -- The charge put on by the dis-
charge in the precipitator is, we assume, a much
greater charge than the particles would normally
have.
Oswald- The question with regard to why we
used the vapo nebulizer in preference to dehydrated
organisms is an excellent question. We did at first
Brown--Do they pick these up by ion bom-
bard me nt ?
Nicholson- Yes. According to theory they do
pick up these charges by ion bombardment.
Convenor:W.E.Ranz
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Basic problems of tracing live matter in atmos-
phere hinge primarily on physical means available for
converting this specific form of matter from highly dis-
persed airborne state into one of much greater compact-
ness at the sensor device, as its ability to produce a
signal depends necessarily upon amount of specific matter
available to it. An equally basic condition is avoidance
of viability interference by process of precipitation.
Parameters guiding this effort can be derived from
properties of aerocolloidal matter in general: of the
particulates, to be considered more or less permanent at-
mospheric constituents, the upper size limit lies for
the biosphere at kinetic (Stokes')diameters (5# _ d _<8#),
but decreases rapidly with altitude, whereas the lower
limit for stable particulates of significant frequency
appears to be at (d _ 0.05 _ ).
This size range embraces, thus, about two decades
and includes bacterial cells, spores, virus-like forms,
but excludes from permanent suspension pollen, seeds,
etc.
Aerocolloidal matter in the average represents but
10 -7 to 10 -8 of suspending gas mass and amounts to a
numerical concentration of 106 to 1010/m 3 of which the
biocolloidal components can be assumed to be only a
minute fraction (< 10-5).
Relation between kinetic and geometric particle dimen-
sions is discussed, as the former--contrary to the
latter--determine duration of atmospheric suspension.
While upper kinetic size limit is determined by high
fallout rates, steeply declining frequency for smallest
sizes is partly due to increase of chemical activity-- and
thus instability-- caused by high surface curvatures (Kel-
vin relation}, and partly due to their physical (Brownian)
mobility which promotes coalescence.
As most important for preservation of viability,
interaction of the particulates with potentially reactive
molecular traces in their gaseous environment is dis-
cussed, especially under photoactivating conditions.
A similar factor concerns viability interference by
contact within close-packed sample precipitates and be-
comes of major significance whenever coexistent par-
ticulates are carriers of photochemical reaction products
{such as aldehydes, ozonates, etc.} which are likely to
produce toxic effects.
Constitution of natural aerocolloids--particularly_
regarding their organo-soluble and thermally metastable _'_._/ _--
components- is discussed and illustrated. /_._..._-"-_"
I want todiscuss the subject of the biocolloidal
matter in the atmosphere predominantly in the
perspective of colloid physics and chemistry, rather
than from the microbiological or meteorological
viewpoint. My interest in this subject has resulted
from the experiences gained by efforts to learn the
true constitution of airborne particulates during the
last 15 years, i.e., aerocolloidal matter in general,
inclusive of its biocolloidal components.
When in 1948 we developed for the first time
in this country the controlled production of the now
well-known membrane filters and their application
to quantitative collection and preservation, specifi-
cally of biocolloidal matter from aqueous and par-
ticularly from gaseous suspensions (8, 9), we soon
became aware of the basic handicaps inherent in its
separation from atmospheric environment. In other
words, the well-known Heisenberg principle proves
itself also here, inasmuch as the smaller the system
one submits to observation, the more likely it is to
be denatured by this process and converted into an
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artifact.Asatrivialexample:A bacteriumsubjected
to highpoweropticalmicroscopywill soontoseits
viability becauseof theirradiationimpactrequiredfor its detailedobservation--aneffectwhichis by
no meansrestricted to live particles.If, on the
otherhand,oneexposesa very largebody,suchas
the moon,to detailedstudy,it will notbeaffected,
sincethe observingsystemis in this caseminute1
comparedto theobject.
this viability interference,suchas thermalpre-
cipitationor impactionon nutrientagar surfaces(2,32),or in isotonicliquidswithsubsequentsepar-
ationtherefrom.Theleastharmfulprocessappears
to be the centrifugaldepositionby the aerosol-
spectrometer(20)ona nutrientcarryingsurfacein
a restingboundarylayer. Herebychangesof pres-
sureandhumiditycanbe avoidedevenduringex-
tendedsamplingperiods,as well as interfering
contactswith potentiallytoxic particulateswhich
coexistin thedeposit.
Oneof our major targetswasto studythe
principalapplicabilityof thesenewmembranesto
the separationandconcentrationof airbornebac-teria. It soonbecame vident--asto manyother
investigators ince(10)-- thatparticularlyvegetative
formsarepronetoloseviabilityafterashorttimeof
retentiononthefilters, apparentlyasaresultofthe
air motionrelativeto thecell surface.Thereason
for this appearsto bethefollowing:Airbornepar-
ticulatesare virtually at restwith respecto theirgaseousenvironment,hence,the boundarylayerattheir surfaceis inadynamicequilibriumwithregard2to thecollidinggasmolecules.
The generallyacceptedviewpointin gaski-
netics assumesthe thicknessof this shielding
boundarylayer arounda particleto equalthemean
free path of the environmentalgas molecules
(_<10-5 cm= 0.1,) (4,5). In a "resting" environment
the vast majority of the reversible collisions involve
the same gas molecules, as theix exchange by
diffusion processes is slow. If, however, the particle
is forced to move relative to this molecular environ-
ment, the boundary layer will be disturbed by the
shear action of the airflow. Such is the case when
the cell is retained on a filter screen and simple
estimates indicate that the airflow velocities to
which the cell surface may thus be exposed repre-
sent appreciable fractions of sonic velocity. The
disturbance of this boundary layer is quite likely
to upset sooner or later the osmotic equilibria
(H20 , CO2, 02, etc.) in the cell.
With regard to these problems, relatively
simple means may be mentioned which can shield
biocolloidal matter against this type of interaction,
such as coatings by protective colloids (e.g., casein),
and it appears an open question whether the survival
of prolonged atmospheric suspension by vegetative
organisms may not be due to this sort of surface
protection (cf.).
The problem of viability preservation may
warrant a brief discussion of the physical and chem-
ical influences to which particulates are exposed
in the airborne state (6,12,22). First, one has to dis-
criminate between particle suspensions of temporary
and virtually permanent character -- a distinction that
depends to some degree upon the rates of atmos-
pheric regeneration, as determined by the locally
prevailing micrometeorological conditions. For most
purposes one can consider particulate matter of
the larger size classes as temporarily airborne, since
the fallout rate limits their suspension to a few
hours. This does not exclude the extremely rare
occurrence of much larger particles (<-10-2cm)
(C. E. Junge, personal comnmnication). In terms of
kinetic (Stokes') diameters the border line can be
placed between 5 and 8_,, i.e., individual particle
masses of 10 -9 to 10-10g. From a microbiological
point of view this size limit should render the
extended suspension of seeds, pollen, and alike
highly improbable, contrary to that of bacteria,
virus, spores--even of yeasts and certain fungi.
This type of difficulty has only been mentioned
to illustrate the basic handicaps involved in the
separation of biocolloidal matter from the airborne
state. There exist several methods which minimize
1 It may be worthy of note that the mass of the human
observer (ca. 7 x 104g) about centers a log-scale between
the moon (ca. 3 x 1025g) and the lower limit of an aerosol
particle (ca. 10-16 g) -- the ratio being thus about 1020
in both directions.
2 Seen in the perspective of molecular kinetics the
2
situation is as follows: At ground level each cm area
experiences every second about 2 x 1023 collisions by
the surrounding gas molecules, hence, a bacterial cell
of e.g. 1.5_ diameter and thus 2.5 x 10 -8 cm 2 exposed
1015surface receives about 5 x collisions/second--just
about the number of seconds in 200 million years--still
impressive, if reduced by a factor of 102 under strato-
spheric pressure conditions.
In this connection I want to emphasize the often
inadequate geometrical definition of particle "size,"
as it is based on the frequently invalid assump-
tion of a spherical particle shape and substances of
unit density. Only if this condition is realized, the
geometrical diameters -- as resulting from micro-
optical determination--coincide with the kinetic
sizes which determine the fallout rate according to
the Stokes'-Cunningham-Knud§en relation (5). In
reality, substantial deviations from unit density or
spherical shape occur frequently and may particu-
larly be expected for microbiological particulates
(24). The application of the geometrical concept can
thus cause serious misjudgment of the kinetic be-
havior of such particles. For instance, a 1-u
lead sphere will act [because of its high density
(11.4)J like a 3.4-_ (=vrY1.4)water droplet, i.e.,
it will fall 11.4 times faster than predicted from its
geometry. On the other hand, an 1-u air bubble
with a membrane thickness of 0.1-,* unit density
would fall [because of its effective mass/volume
ratio of (0.49)] at the rate of a solid sphere of
0.7-p (= vr0.49) diameter, i.e., about half as fast as
anticipated from its geometrical size. If the bubble
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has the size of 10 _, and thesame (0.1_,)membrane
• thickness, its effective density (ca. 0.02)would cause
it to fall like a solid sphere of 1.4 u and the dura-
tion of its air-suspended state would be about 50-
fold longer than predicted from its geometrical
dimensions.
The explanation for this discrepancy may be that
instantaneous supersaturation in the counter effects
a temporary fixation of statistical molecular ag-
glomerates which, without condensation, would exist
but for a very brief time interval, hence, could not
be classified as "stable" individual particulates.
Even more critical is the size definition of
non-spherical shapes as may be illustrated by the
following example: A square plate of unit density
with the dimensions (5 x 5 x 0.5 # ) has the mass of
a 2.9-_ solid sphere, but the cross section of a
5.6- _ particle. It would thus be expected to fall at
a lesser speed than a spherical particle of the same
mass, i.e., be equivalent to a kinetic diameter of
about 2 u (=2.9/vr2) . The microscopic indication
for this particle would have been 5 _ , while its
kinetic size is close to 2 _ , and its fallout rate--
and thereby probable existence in the airborne
state --would have been underestimated by a factor
5_6 1"
As already stated, the upper kinetic size limit
of 5 to 8 _ for the quasi-permanently airborne par-
ticulates depends on the locally prevailing vertical
convection pattern which must compensate the fallout
rate. The latter also depends on the pressure, since
the rate increases--particularly for the smaller
sizes--with altitude, i.e., with the mean free path
of the gas molecules. Accordingly, a rapid decrease
of the total particle number and in particular of the
upper size limit occurs for the higher strata of the
troposphere.
With regard to the lower particle size limit
(not obviously significant in the microbiological
perspective) there exist still considerable differ-
ences in the interpretation of the available data. It
could be expected that their sizes reach into those of
the individual gas molecules (10 -Scm), but present
experiences indicate that under normal conditions
the lower limit lies at kinetic diameters of about
0.15 _ , because the frequency of physically definable
particulates (impactor, centrifuge, precipitators) in
natural, as well as polluted air masses declines (at
least in the biosphere) rapidly below this size
(16, 17). This evidence appears to be contradictedby
nuclei counts, i.e., of condensation centers under
varying degrees of H20 supersaturation. These
findings frequently indicate high frequencies of much
lesser sizes far into the 10 -7 cm range (22, 23).
1The derivation of the kinetic diameters in this
range from the light scattering patterns (Mie-Rayleigh)
involves no lesser complexities, since the optical prop-
erties of the particle substance, as well as the shape
enter as influential parameters (29). The application of
such methods -- if critically applied- can be, nevertheless,
most useful, since they are the only ones which do not
require the precipitation of the particulates prior to eval-
uation of their sizes.
There are two principal reasons for the virtual
absence of stable particulates in the two decades
(5 x 10 -8 -5 x 10 -6 cm) above the molecular sizes:
The rapidly increasing mobility of the smaller
particles which promotes coagulation to larger units
(26,30,33) and the instability of extremely curved
surfaces in accordance with the Kelvin relation
(12,28). The latter is represented by the diagram
(Fig. 1)(18) and illustrates the dependence of the
stability in the (geometrical) size range of (0. l_<d<l 0_)
in terms of the relative vapor pressure increase
( _ P) over that of a plane surface, under the assump-
tion that h p represents also thedegree of chemical
activity. The curves (A-G) differ for the values of
the product [_ = molecular weight (M) x surface
tension (a)] which characterizes the particle sub-
stance with regard to the Kelvin-effect.
The extreme values shown represent: (A)_
mercury and (G)~ water, whereas (B- F) concern
arbitrary organic substances of increasing molecular
sizes from (F~M = 100) to (B _M = 500) for
( a = 30 dyn/cm).
The significance of this relation becomes
apparent by comparing the difference between the
(_P)-values for water- (G), and, e.g., one of the
heavier glycols or aldehydes (M ~ 200 ~ E): At (d = lu)
the(AP) -values are less than 1% for both (G) and
(E), at (d = 0.3_) the vapor pressure increase for
H20 amounts to 0.7%, but it is 3.2% for (E), i.e.,
4 to 5 times larger for the hydrocarbon which
reaches at (d=0.1_)an increase of 10.5%, etc.
Obviously (4 P) grows for the same (d) steeply with
(M) and thereby indicates the instability of the
smaller size range (d < 0.2_,) for most organic ma-
terials of higher molecular weight. (_P) Can thus
serve as an inverse measure of the particle stability
(or that of a surface layer defined by (_).
Atmospheric aerosols of predominantly organic
constitution, particularly the smog particulates,
show a pattern of size distribution and metastability
which meets quite well the postulates implied by the
Kelvin law (cf.).
Because of this general, though highly complex
type of mutual interaction, the frequency-size dis-
tribution of the particulates over the aerocolloidal
range (0.15p <d < 5_) follows in a qualitative sense
a closely similar pattern which is quite independent
of region and particulate origin. There occurs in
general a steep maximum at a smaller size
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Fig. 1. Kelvin-Relation showing relative increase of vapor pressure (AP) with decreasing particle diameter (d) for
variety of substances (A-G), varying by molecular weight (M) and surface tension (a); (A _ Hg; G _ H20).
(0.2u<_d _<0.4#)which is followed by a decline, in-
versely proportional to the third or fourth power of
the diameter (~d'3-d -4) which indicates a constant
or gradually decreasing mass fraction for in-
creasing particle sizes (16,22) (C.E. Junge, personal
communication).
For the kinetic pattern of particle interaction
these relations are quite significant, for they postu-
late that the same air volume contains about 1,500
particulates in the 0.2 to 0.3 _ range for eachsingle
particle of 2 to 3 _ size - also that the smaller size
class does represent a 15 times larger particle
surface area, and 10 times the mobility of the larger
size interval. This should result in an 150°fold larger
probability for mutual interaction either with other
particles by collisions, or with reactive gaseous
traces in their immediate environment by various
types of bonding through adsorption processes.
The inter-particle collisions (if irreversible)
cause particle growth, thereby lesser mobility, as
well as increased particle distance, and thus a rapid
decline of further growth by coalescence while the
relatively rare particles which reach the size range
of significant gravitational fallout are removed from
the system. The result is a steady-state configura-
tion which depends on the rate by which new particles
in the smaller size ranges are supplied. Although the
total mass of permanently suspended aerocolloids
in the biosphere can vary over a wide range due to
local conditions of particle origin, washout by rain-
fall, and vertical convection, its average order of
magnitude over larger areas remains about the same
and represents (at 30- 300 u g/m3), i.e., but a
minute mass fraction (10 -7- 10 -8 ) of the supporting
gaseous matter.
The corresponding numerical concentration
range (106 - 109/m 3) suggests, because of the pecu-
liar size distribution, that the combined particle
surface area present in the biosphere (except in the
arctic regions) equals by order of magnitude that
of the earth's surface (15).
These, as such, trivial considerations indicate
the inadequacy of defining the aerocolloid concert-
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•tration by mass, i.e., like dusts. As a matter of fact, a
truly representative method for assaying the density
and specific nature of aerocolloidal matter appears
still to be missing, for it is only partially solved
by procedures of light scattering,-impaction, or
centrifugation.
A most important problem, particularly with
regard to viability preservation of biocolloidal
matter, concerns the interaction of the particulates
with the potentially reactive molecular traces in
their gaseous environment. Among such components
of the normal atmospheric constituents (N2, 02, H20),
one discriminates between chemically inert types
(like CO2, CO) and those which can react- particu-
larly upon photoactivation -- either with other gaseous
traces or with the substance of the particle surface.
Here the most important representatives are the
oxides of nitrogen (NO, N 2 05, NO 2 _ NOx).
According to a well-known pattern (21, 25)they
effect the catalytic activation of the atmospheric
oxygen in the presence of organic traces (i.e.,
hydrocarbons) which become subject to partial oxi-
dation when excited by photons in the spectral range
of about 320 to 420 m _ --as supplied by sun radia-
tion to the lower atmosphere: By this type of reaction,
NO x can produce a large variety of photochemical
oxidation products (oxidants) depending upon the
nature of the hydrocarbons present. Many so result-
ing oxidants, particularly those of larger molecular
weight (> C5) , have the tendency to form and accu-
mulate on the surface of coexisting particulates and
thereby cause them to grow to many times the orig-
inal size (13,19). This in turn produces restriction of
visibility and may cause synergistically intensified
irritation (1,11), i.e., the typical smog reaction. The
particulates present during this reaction appear thus
to act in analogy to "condensation nuclei" (in aqueous
fog formation), as catalytic centers which promote
the reaction as such, evident from the fact that the
particle growth is within wide limits independent of
the concentration of such reaction centers (19). This
appears particularly significant for biocolloidal par-
ticulates, since it can be expected that photochem-
ical reactions on their surface will affect their
viability, as traces of NO x or active oxygen are
known to be present also in unpolluted air(7).
Therefore, it appears doubtful whether airborne
organisms can survive periods of extended irradia-
tion exposure by the sun.
An equally significant problem concerns the
chemical stability of aerocolloids: Detailed studies
of natural and of synthetically produced aerosols
have shown consistently that major fractions of the
particulate substance are unstable, as evident from
their gradual shrinkage upon additional irradiation
or moderate exposure to heat (16,17). This indicates
that a large fraction of the aerocolloidal substance
represents intermediate oxidation states of organic
matter which is gradually converted into more
volatile and stable end products (CO2, H20 , and
probably NH3OH ) (7). Studies of particulates which
cause "hazes" in polluted rural, desert, forests,
and off-shore maritime air masses have also
indicated a varying degree of metastability depend-
ing on location, etc., but never its entire absence
--at least in the biosphere. They differ in this
respect from urban smogs by much lower concen-
tration and the absence of irritant capacity--most
likely due to the different nature of the organic
reactants originating from the metabolism of vege-
tative life (31)on the continents and in the oceans
(3,27).
The above discussed indications are illustrated
in the following: InFigures 2a and 2b are shown the
size distributions of two typical marine aerosols, de-
rived from deposits with the aerosol spectrometer.
The ordinate (C) indicates the number of particles
(in arbitrary units) vs. the geometric diameters of
salt particles (ds) and those for droplets of the
saturated solution (dL) , based on the corresponding
density ratio (p L/p s : 0.52). Figure 2a refers toa
morning haze (87% RH) over the ocean, slowly drift-
ing ashore, where all particles should be presented
by droplets (dL-Scale). A distinct maximum for
(0.3_'<dL <0.33_)and a steep decline toward
smaller and larger sizes is evident. This decline
toward larger sizes is steeper than (C ~ d-3),
namely, that of a constant mass distribution over
the size range, as indicated by the dashed curve.
Figure 2b was taken on a clear day about 40
miles offshore at 55% relative humidity and shows
two distinct maxima for (ds= 0.21_, ±0.01) and
(d L = 0.46_, ±0.01). The ratio (dL/d s = 0.22 + 0.2)
coincides closely with the calculated ratio of the
kinetic diameters for identical salt particles in
saturated solution or as crystals (i.e., dLTd s = 0.209).
This observation is quite typical for maritime con-
ditions and can be interpreted as the coexistence of
a dehydrated and a hydrated fraction of the same
salt particulates, either because of its different
"age," or because of factors delaying the evapora-
tion of the condensate.
In Figure 3 is shown a similar marine aerosol
pattern (obtained with the aerosol spectrometer) in
terms of the light scattering intensities (Sd) and the
numerical concentrations (Cd) vs. the kinetic diam-
eters for the range (0.1_ _<d -< 1.4 _ ). (Cd) refers
to the particle number (cm -3) in the size interval of
(_d = 0.05_ ). The thermal metastability is deter-
mined by the repeated evaluation after exposing the
deposit to 65 to 70C for 12 to 15 hours. The decline
of (Sd) and (Cd) for the smaller particles is obvious
and follows a general pattern to be expected from
the Kelvin relation (s.a.), and thereby indicates the
presence of other than mineral components, as pure
salt particles should not decompose inthis tempera-
ture range. The dark-field micrographs of equiva-
lent deposits before left and after right heating serve
as further illustrations of this general phenomenon.
In Figure 4 are shown the corresponding size
distributions for aerocolloids of vegetable origin
(alfalfa grove) and in Figure 5, those typical of
Los Angeles smog. The latter differs in particle
number by a factor of about 20 from the former
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Fig. 2. Size-frequency distributions of marine aerosols: C _particle number for size interval (Ad= 0:05_) vs. dia-
meter of salt particles as crystals (ds)_and as saturated solutions (dL) (16): a) onshore moving haze, RH = 87%; b) air
mass 40 miles offshore. RH = 55%.
and also by a much larger metastability for sizes
(d < 0.8 _ ). The corresponding photomicrographs
again illustrate the disappearance of the smaller
particles.
From the viewpoint of biocolloidal components,
the almost generally observed presence of the
metastable, most likely organic components of the
particulates appears of considerable interest, while
their origin and ultimate fate must remain at present
still subject to speculation. Their organic nature
can be demonstrated by a rather simple method:
By a slit-impactor, designed specifically for this
purpose, an aerocolloid deposit is produced on a
highly polished chromium surface and then subjected
to dark-field microscopy under low angle reflected
illumination. When the relative humidity is increased
to > 80_o, the gradual formation of water droplets
around active condensation centers can be visually
observed- and upon relative humidity reduction the
subsequent evaporation pattern. In Figure 6 this is
shown for the same deposit fraction at four different
stages for an offshore air sample taken 15 to 20 cm
above sea level. The presence of a barrier around
each droplet becomes apparent from the absence of
circular shapes --also from the fact that the evap-
oration is slow, extending over several minutes
after humidity reduction to 30 to 40%.
The evidence of the orga,lic nature of this
barrier is given by its removal with one drop of
solve,it (chloroform, ether, etc.) applied by a syringe
run along a fraction of the particle deposit, and then
allowed to evaporate (14). In Figure 7 is shown the
resulting pattern in dark- and bright-field reflected
illumination, where the left section of the (diagonal)
impaction deposit had been contacted by the drop
(center) prior to evaporation, while the right section
remained untouched.
The effect of this extraction on the dynamics
of the condensation process is shown in Figure 8,
where the three micrographs on the left show the
same impaction deposit before chloroform extrac-
tion, while the corresponding ones on the right show
the residue thereafter. The pair (1) is the deposit at
low magnification (equivalent to 5 liters), (2,3)
present a deposit section at higher magnification:
(2) during] supersaturation, and (3) the residue after
subsequent evaporation. Prior to extraction the
pattern (2) develops and vanishes slowly and the
drops show no tendency to coalescence--closely
similar to Figure 6 --whereas the extracted pattern
forms almost immediately and coalesces in less
than a second. The left (3)shows the unchanged
original particulate pattern, whereas the right in-
dicates the formation of a few large centers result-
ing from the coalescence of the droplets during
condensation.
The data available at present for the biosphere
indicate that organic surface layers on particulates
are quite common; however, nothing is known about
the extent to which they influence the viability of
organisms. It is thinkable that they may act as an
envelope which protects the sensitive enzyme struc-
ture on the cell surface against reactive molecular
traces of their gaseous environment -- similar to the
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.aforementionedshieldingby colloidalmatter. A
similar functioncouldbetheprotectionofthecells
againstfataldegreesof dehydration.
Systematicstudies(inparticularregardingthephotochemicalreactionsof suchbarriers) would
promise to reveal valuabledata aboutviability
preservationat higheraltitudes,especiallyfor the
passageintothestratosphere.
Generallyspeaking,it appearsthatthe low
temperaturelevel in theselayers canbeexpected
to beapreservativefactoragainstchemicaldegra-
dation;ontheotherhand,theintensityofphotoactive
radiationmayovercomethis thermalinertnessfor
theviablesystems.
Beyondthesefactors,theprobabilityoftheir
extendedpresencein the upperstrata canonlybejudgedfromtheir gravitationalfalloutpattern.This,
in turn, dependsonthemass-minimum,requiredfor
a "live" unit--definedbyitsabilityto"catalytically"
convert suitableenvironmentalmatterto its own
structure.
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Nomenclature
C Number of particles
C d Numerical concentrations
d Diameter of salt particles
s
d L Diameter of droplets
M Molecular weight
Molecular weight x surface tension
P Vapor pressure
a Surface tension
Sd Light scattering intensities
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Fig. 3a. Size-frequency distribution of marine aerosols in termsof: lightscattering [Sd(d) ] and countanalysis
[Cd(d)] from deposits obtained by the aerosol spectrometer.
U,[illed circles prior to, and partially filled circles, after storage of deposits for 12-15 hr at 60-70 C. (Cd) indicates
the number of particulates per cm 3 for (Ad = 0.05_) (17).
t 
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Fig. 3b. Dark-field micrographs of same deposit sections 
(right) heat exposure. 
in three different size ranges, before (left) and after 
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Fig. 4a. Size-frequency distribution of aerosols in dense alfalfa grove (North San Joaquin Valley, Calif.). Codes
same as in Figure 3a & b (17).
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Fig. 4b. See Figs. 4a and 3a & b for explanation. 
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Fig. 5a. Size-frequency distribution of aerosols in Los Angeles smog. Codes same as in Figure 3a & b (17).
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Fig. 5b. See legend on opposite page. 
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Fig. 6. Dark-field micrographs of condensation patterns on deposits by chromium-foil impactor representing 
during 
and about 10 minutes thereafter at low relative humidity 
marine aerosols, close to (6 inches) the ocean surface.  
(right) condensation: lower. during gradual evaporation (left) 
(riglit) 
Upper pair  shows same deposit section before (left) and 
b I 
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c 
Fig. 7 .  Micrographs of similar deposits under dark- (left), and bright-field ( r igh t )  reflected illumination after par- 
tial contact ( lower  r igh t )  with chloroform drop, subsequently evaporated in center. High power (top),  low power (bot tom) .  
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. , 
Fig. 8. Dark-field micrographs of condensation patterns pr ior  (Icft) ,  and after (right)  chloroform extraction on the 
Upper pair shows deposit at low magnification bcforc condensation. the other pairs .  sections same impaction deposit. 
thereof during condensation and residues thcrcaftcr 
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Junge--I have two questions: 1) did you also
collect such particles in higher layers from aircraft,
and 2) was there a similar phenomenon of evapora-
tion of the smaller ones that you showed with the
surface samples?
Goetz- The highest altitude we had an oppor-
tunity to go to was just below 20,000 ft above the
desert of northern Arizona in connection with Dr.
Weickmann's cumulus project. We used the same
equipment--aerosol spectrometer, impactors, and
nuclear counters --on board the airplane, as on the
ground tests. Thermal stability at sunrise and
instability before sunset were definitely indicated
over the Grand Canyon region at 2,000 to 3,000 ft
(9-11,000 ft above sea level). The total particle
number (which for instance in Yellowstone Park we
found between 100-200 cc) dropped at that altitude
to about 20 to 30, whereas at desert ground level the
number was 50 to 100/cc. The air mass in the Grand
Canyon is the only place in this area where we have
found almost complete stability even after sun irradi-
ation. These samples, however, will have to be
repeated for confirmation.
Junge--If you observed this difference in
stability between sunset and sunrise, this would
imply that the particles overnight would evaporate a
certain part of the material which they accumulated
during the day?
Goetz -- I believe so. The sun irradiation seems
to produce a type of compound which renders the
particulates metastable along the same pattern as
the smog. In the Yellowstone region, we sampled in
the same manner on days in which the sky was
completely clouded-- even when it was snowing -- at
about the same time of the day and no particles
could be found at all. Similarly, I had a horizontal
hole dug about 5 to 6 inches wide into a 5-ft snow
wall. Nothing whatsoever could be traced therein;
one could thus believe that this effect is some sort
of a photo-or thermophoretic phenomenon, due to
the intense sunlight.
Benninghoff--Could you explain again, Dr.
Goetz, the evolution of the particles over the snow
surface. I didn't follow your explanation of the
manner in which they were evolved.
Goetz--I can report only what we found, and
like to suggest that the effect could also be due to a
Stephan phenomenon, that is, a molecular flow of
evaporated water from the snow surface, which
would prevent the contact of the particles with the
surface. It appears most unlikely that the snow itself
yields these particles. We recorded the surface tem-
perature of the snow at -15C so that melting was out
of the question, while we had extremely bright sun-
light. Conceivably we had some sort of a radiometric
effect, thermo- or photophoresis, which caused the
particles to move away from the source of radiation
and to concentrate above the snow surface, entry
into which the Stephan effect would prevent.
Benninghoff--I have a second question. Have
you had occasion to study the metamorphosis of
these atmospheric colloids or aerosols under con-
ditions of heavy cloud cover?
Goetz- In a few cases we have but preliminary
evidence: During the mentioned flight tests over
Arizona, we penetrated occasionally some clouds
where we found a large amount of small, thermally
stable particles. Similarly, flying through an acci-
dental rain shower for about 30 seconds, we obtained
an amazing quantity of this particle type. At recent
tests in about a 40-mph rain blow at sea (Santa
Catalina Island channel) our impactor samples also
consisted of particles that apparently were virtually
unextractable with organic solvents.
Belmont--It might be interesting to try your
experiments over a place like the Greenland ice
cap during the polar night and during the polar day;
first of all, the large extent of ice and snow removes
any gluten sources, so there is a fairly clean air
mass, and second, to detect any day andnight effect.
Goetz --Drs.Weickmann and Fenndid this north
of Thule several years ago with the same instru-
mentation, and found barely any particles. This
experiment concerned an air mass which had been
confined to the ice cap for about three weeks, and
thus was not likely to contain organic trace matter.
Question from audience --This was in summer
during daylight?
Goetz -- I seem to remember that it was during
the midnight sun period.
Danielsen- Do I understand you correctly, or
infer correctly that if sunlight were to irradiate
these particles when there were water molecules
present, there would be a greater tendency for drop
coalescence?
Goetz--May I correct this. Let me repeat:
we produce such a deposit on a carefully-cleaned
chrome foil. Chrome surfaces are chemically neutral
and can be brought to a polish which effects a com-
plete dark field in the microscope upon low angle
(20 o) illumination. First, this chrome foil is rinsed
with the same solvent we use later to dissolve and
remove any surface impurity. After about 15 seconds
impaction, we obtain the pattern on the left side of
Figure 8. When we increase relative humidity over
the sample while under the microscope, to produce
condensation in the particles, we observe first no
change, then the gradual growth around most centers
until the droplets virtually touch one another. At the
contact area they will form a flat surface but very
few coalesce. If we cause the particles to shrink by
reducing the humidity, they come slowly back to their
original form, thus the deposit returns in a few
minutes to the first pattern. If we now extract this
deposit by running a drop of chloroform or ether
over it, the pattern can be completely changed, as we
have supposedly removed the organic components
with the solvent drop without affecting the mineral
constituents. If we then produce condensation on this
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residue,weobtainthe patternon the right sideof
Figure 8:the droplets grow in a fraction of a
second,fasterthanonecanpushthecameratrigger.
If the dropletshavegrownto a certainsizeandtouchanother,theycoalesceintoafewbigdroplets.
Humidityreductioneffectsrapiddry-off andleavesbutafewcenters.
Theparticlesapparentlycollectthisprotec-
tive envelopeafterprolongedexposureto sunlight.
Wecanproducethiseffect(smogreaction)syntheti-
cally in the laboratoryon latex particles (8)by
intense irradiation in the presenceof NOx and
aromaticor olefinic hydrocarbonswhichproduce
by the reactiona substantialmassincreaseof thelatexcenters.
Cole--Therearebothof these,onefromwater
andonefrom snow.Is the waternecessaryin this
processor will anorganicmaterialsuchasa leaf
producea similarsortof thing?
Goetz--If I understandyourquestionright, is
it necessaryto sampleabovea wateror asnow
surface?
Cole--Youunderstandcorrectly.
Goetz--No, it is not necessary.You may
rememberthat I showeda slide from analfalfa
groveover 100miles roland.Weobtainedsimilar
depositsin theMojaveandabovetheNavajoDeserts,butto a nmchlesserdegreethanovertheoceansor
withintheforests.Ourimpressionis thatoneneeds
photonsandthemetabolismof livemattertoproduce
suchaerocolloids.This is apparentlyamechanism(F.Wentsuggestedthis originally)to volatilizeby
photo-oxidationthenon-fermentableendproductsoflife. If this did notoccur,wewouldprobablyhave
to live in milesofwax(18).
Soften-Dr. Goetz,haveyouconsideredtrying
to assaythe volatile material on the thermally-labile substancewith a sensitivemethodlike gas
chromatograph?
Goetz- Theminutemassconcentrationsrep-
resentthe basicdifficultyin identifyingaerocolloid
constituentsas theyrepresentonly10-7 to 10-8of
thegasmoleculesby mass,andthe organiccom-
ponentsprobably10-3 of theentirecolloidfraction.
Theproblemis thesufficientandreliableconcen-
trationof materialwithwhichto work.I fully agree
that chromatographicmethodsare mostpromising
for this purpose,oncethe collectionproblemis
solved.
Soften--Thesensitivitiesof gaschromatog-
raphynow are 10-12 molesof somesubstances.
Yes, there appearsto be good promise.
o
Solomon--Dr. Goetz, is it possible to collect
these extremely minute aerosol particles througl_
an appropriate device that will completely exclude
larger particles. Let's say, with reference to the
first point that you made, if one were sampling in "
an atmosphere that has spores or pollen grains in
it, is it possible to exclude these larger particles
by suitable methods and not change the properties
of the "aerocolloids" that you were describing?
Goetz -- You mean to single out microbiological
matter from...
Solomon -- From larger particles such as pol-
len grains or spores, something of the I0 to 30t,
range.
Goetz--Certainly.
Solomon- What device would you use?
Goetz --I would say again the best method to
be centrifugal separation by the principle of the
aerosol spectrometer because it effects a rapid fall-
out in the low pressure range and a size-classified
deposit that avoids particle interaction within the
deposit.
Solomon -- If one were to draw these through a
molecular membrane filter?
Goetz --In our experience one cannot separate
size classes of airborne particles with a cascade
of membrane filters, neither can one avoid the
danger of particle interaction.
On the other hand, the isolation of micro-
biological matter in a centrifugal field definitely
may be worth thinking about because the act of
particle separation and concentration by this prin-
ciple causes probably the least chemical and physical
harm.
Dahl--Dr. Goetz, in the case of the alfalfa
example I recall that I can always smell an alfalfa
field; the odor is due to coumarin. Do you have
coumarin particles as a possibility here?
Goetz--I don't know. We noticed a strong
smell from the deposit. As pollen or similar par-
ticles were excluded from the size range, it may be
vaporized coumarin.
MacLeod- Dr. Goetz, did I understand cor-
rectly that the molar concentrations involved here
are 10 -13 and 10-14? Does this indicate thatyou are
talking about an organic coating of some particle
rather than a droplet, so to speak?
Goetz -- Yes, exactly: all evidence points to
this at least as a realistic working hypothesis;
namely that there exists an organic envelope on the
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particulates,probablyaproductof aphotochemical
oxidationthat upon hydrationwill be somewhatpermeableto watervaporso that the particlecan
grow. It will grow slowly and uponreductionof
relativehumidity,theparticlewill shrinksimilarly
at a retardedrate. Wehavespeculatedthat this
processcausesthepersistenceof fog suchas wehave,for example,along theSouthernCalifornia
coast.Oncesuchfogshaverisen,theywill persist
evenas far downat40%relativehumidityasdense
hazes.Theydisappearslowly,just like thesesam-
ples,becausetheorganicenvelopeactsasabarrier
to water evaporation.This is the Archer-LaMer
phenomenon,wherebyone canretard evaporation
from water surfacesby extremelythin layersof
manywaterinsolubleorganicsubstances.
MacLeod--Wouldone get a similar type_f
aerosolenclosedby someorganicfilm asfroman
alfalfafield in transpiration?
Goetz- That,I don'tknow.ThetestsI showed
weredonein bright sunlightandnonein thedark;hence,we don't knowyet whetherthe effectof
vegetableaerosolslike thoseof alfalfawouldbe
absentat night. Systematicexperimentsin this
respectshouldstill bedone.
Convenor:C.W.Bruch
Divining for Water in Stratosphere
Sheldon Steinberg
Applied Science Division of Litton Systems, Inc.
St. Paul, Minnesota
Abstract ._._C_ _
Considerable controversy exists today _1_ to the
quantity of water that is in the upper atmosphere. The main
area of contention is whether or not the measuring instru-
ments are determining the water vapor of the stratosphere
or water vapor brought up by the instruments as a con-
taminant.
A variety of instruments have been used to determine
the quantity of stratospheric water vapor. Among these are"
spectroscopic devices, conductivity elements, electrolytic
hygrometers, microwave refractometers, dewpoint-frost-
point hygrometers, gravimetrie samplers, and the hair
hygrometer. A brief description of these instruments is
given and their potential discussed.
Different investigators have reported widely diver-
gent amounts of water vapor for the same altitude regimes.
In general, the values appear to have a similar pattern,
that is, the mixing ratio decreases with altitude to about
16 km and then increases at least to highest point measured
to date, 36 km. /__
Humidity and temperature are two of the most
important factors affecting the survival of micro-
organisms in the upper atmosphere. My life science
associates inform me that the lower the relative
humidity the greater the probability of survival in
the stratosphere, that is, all other things being equal.
Since water vapor is one of the main factors deter-
mining heat conditions in the stratosphere, it is
quite obvious that information about the vertical
distribution of water vapor in this zone is neces-
sary for an understanding of its thermal structure.
A knowledge of the vertical distribution of water
vapor would aid in understanding the thermal equi-
librium, radiation balance, and circulation of our
atmosphere and aid in determining probability of
finding microorganismic life in the stratosphere.
Research activity to determine the water vapor
content of the atmosphere has increased considerably
N65-23988
during the past d_cade, due mainly to the practical
problems encountered by the military and space
agencies. These are concerned with high-altitude
flight of aircraft, rockets, and artificial earth
satellites, infrared detection, radar tracking, and
determination of the atmospheric composition of
other planets.
Devices for Determining Water Content
A whole spectrum of devices have been and are
being developed to determine the water content of
the stratosphere. Among these "divining rods" can
be found: hair hygrometers, conductivity elements,
electrolytic hygrometers, dewpoint-frostpoint hy-
grometers, gravimetric samplers, spectroscopic
and spectrometric devices, and microwave refracto-
meters.
1. HAIR HYGROMETER. One of the earliest
devices used, and in some areas still being used, is
the hair hygrometer. This instrument operates on the
principle of change of hair length with moisture
content. An increase in humidity causes a related
increase in hair length. These hygrometers are
devices that respond slowly and they are unreliable.
They cannot be used at temperatures below Ooc;
they have only a + 10% calibration accuracy. They
were used operationally, however, on radiosonde
balloons in the United States until early 1943 and
might still be used in some parts of Europe.
Since some of you might not be entirely
familiar with radiosonde balloons, perhaps a brief
description of this instrument would be helpful at
this point. The radiosonde balloon is a small,
helium-filled balloon to which are attached instru-
ments for measuring pressure, temperature, and
humidity and telemetering equipment for sending
this information back to ground weather stations.
These balloons, which the U.S. Weather Bureau
releases at least twice a day from more than a
hundred stations, rise to a height of approximately
30 km.
2. CONDUCTIVITY ELEMENTS. In February
1943, the U.S. Weather Bureau replaced the hair
hygrometer in the radiosonde with a flat-strip,
lithium chloride hygrometer (14). This instrument
is essentially two tin electrodes separated by a film
of lithium chloride. Lithium chloride is a dry powder
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andanonconductorbelowabout12%relativehumidity.
At higherhumiditiesit takesupmoisturefrom airto becomeaconductingfilm. Theresistanceofthis
conductingfilm varieswith humidityandtempera-ture. Overtheyearstherehavebeensomechanges
in designand preparation.In 1948,however,the
designwasessentiallyfrozen;sincethentherehave
beenonly minorchangesin the preparationof the
hygrometer.
Theflat-strip, lithiumchloridehygrometerin
its presentdesignandpreparationhasa±3%cali-
brationaccuracy.It canbeusedto -40C,onlywith
difficulty. Theelementhasa slowtime response,particularlyat thelowertemperatures.Forexample,
at -40Cit hasalagtimeof 120to 480seconds.The
currentaltitudelimitationfor thishygrometeris 7
to 10km,incontrasttothetemperatureandpressure
elementswhichkeepfunctioningto the scheduled
balloonaltitude(about30km).
Becauseof the slowspeedof responseat low
temperaturesof the lithium chloridehygrometer,
studieswereinitiatedin themid-1940'sto develop
afasterrespondinghygrometer.Theseinvestigations
involvedreplacementof the lithium chloridefilm
with a carbonfilm (14).Becauseagreatnumberof
problemsarose,thecarbonelementdidnotemerge
fromits longlaboratorydevelopmentuntil1957.The
first flights usingthe carbonhygrometerdid not
comparewell with the lithium chloridedevice.
Further flights, however,,did showthatthecarbon
elementhada superiorspeedof responseat tem-
peraturesbelow-15C. In 1963,the U.S.WeatherBureaumadethe carbonhygrometeroperational
alongwith the lithiumchlorideelement,in spiteof
thefactthatthetemperatureandaltitudelimitations
of the lithium chloridehygrometeralsoholdfor
thecarbontype.
3. ELECTROLYTICHYGROMETERS.Dueto
the inherentdifficultiesexperiencedwith thehair,
lithiumchloride,andcarbonhygrometersasopera-tionalsensors,thesearchhascontinuedfor anew
operationalsensor.Theseinvestigationshavebeen
concentratedonelectrolytic,electricalresistance
humidityelements.Onethatappearedto holdgreat
promisewas a polyelectrolyticfilm consistingof
an ion-exchangeresin (18).This polyelectrolyte
consistedof a highpolymericcross-linkedstruc-
turewithpolargroupsofnegativecharge.Associated
withthesepolargroupswereionsofoppositecharge
whichwere heldby electrostaticforcesto fixedpolar groups.In thepresenceof watervapor,water
was absorbedandthe electrostatically-heldionsbecamemobile.Thesemobileionswerecapableof
electrolyticconductionwhena voltagewasapplied
acrosstheresin.
This particular sensor did not meetwith
expectations.Aftera longlaboratorystudyit hadto
be abandonedfor a numberof reasons:1)it hada
stability problem,i.e., its electrical resistance
drifted with time,2)its responsetimewasonlyasgoodas the carbonhygrometer,and3)it too was
limitedtotemperaturesabove-40C.
Experimentorsarenowdeterminingthevalue
of anothersensorthat utilizes analuminumoxide
film. It is tooearlyyetto tell if theeffort hasbeen
worthwhile.
4. DEWPOINT-FROSTPOINTHYGROMETER.
The first systematicmeasurementsof thewater"
vaporcontentof the atmosphereabove10kmwere
madewith adewpoint-frostpointhygrometerdevel-
opedby Dobson(4).Theinstrumentwasflownin
aircraft to altitudesup to 15kmandwasmanually
operated.The measurementsare basedon the
principlethat the temperatureof thebottomof the
chamberthroughwhichtheinvestigatedair passes,
rises or drops until equilibriumis established
betweenthewatervaporandthecondensate.
This instrument'smainmeasuringelementis
a small aluminumchamber,comprisingadishwith
apolished,anodized,andblackenedinternalsurface.Thebottomofthedishcanbecooledfrom theoutside
with liquidnitrogenor heatedelectrically.Whenthe
temperatureof thebottomdropsto the saturation
temperature,ice crystalsgrowuponit. Thebottom
of the chamberis illuminatedsothatas little asa
microgramof ice on its surfacecanbe observed
with a magnifier.The temperatureat whichthe
amountof ice remainsconstantis takento bethe
frostpoint.
Withinthepastdecade,systematicmeasure-
mentsof stratospherichumidityhavebeenmadewithballoon-borneautomaticdewpoint-frostpointhy-
grometers(1,3,6,7,13).Thesedevicespermit thedeterminationof the vertical distributionof water
vapor to altitudesof 30 to 35km. Althoughthere
are several versionsof the automaticdewpoint-
frostpoint hygrometerusedby different investi-gators, they are essentiallybaseduponDobson'sinstrument.
The improvements,in general,co,mistof
incorporatingin the instrumentan optical-elec-tronic-thermal servomechanismto maintainthe
temperatureof the mirror (onwhichthemoisture
is precipitated)atthesaturationlevel.Thisservo-
mechanismcontrolsthetemperatureof themirror,
withinthe limits of +50Cto -80C,withanaccuracy
of +0.2C. A polished silver cylinder coated with
rhodium usually serves as the mirror, while a coil
wound on the mirror serves as the heating element.
The end of the cylinder is lowered into a bulb of
liquid nitrogen, whose pressure is regulated by the
servomechanism.
The servomechanism, itself, is controlled by
the amount of light striking two photocells, one after
reflection from the mirror and the other directly.
The amount of light reflected by the mirror depends
upon the thickness of the frost film. A bridge circuit
at a fixed thickness of film balances the two photo-
cells. Thus, an increase in the film thickness turns
on the heater, while a decrease opens a valve to the
bulb with liquid nitrogen. The water vapor contained
in the chamber is, therefore, constantly in equi-
librium with the solid or with the liquid phase.
Recent models of these instrumeuts have
incorporated ventilating units and Peltier coolers.
The ventilating units can completely remove the
condensate from the measuring chamber at will.
This removes some of the possible error that was
inherent in the earlier devices. Peltier coolers are
semiconductor devices that can both heat and cool,
thus eliminating the necessity for heating coils and
liquid nitrogen baths. The Peltier device has sim-
plified design and construction of such instruments
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as these. Within the past few years, Ballinger (1)
has replaced the optical system with an alpha-
radiation device to control film thickness. Since
this device will be discussed by the next speaker, I
shall pursue it no farther.
5. GRAVIMETRIC SAMPLERS. Another class
of water-vapor measuring instruments has been
developed during the past ten years, the gravimetric
type. Goldsmith and his associates (2,5)developed
a liquid nitrogen trap that samples air at fixed alti-
tudes up to 30 km. In this instrument, air is passed
through a tube cooled with liquid nitrogen, and the
water vapor and carbon dioxide in the air are frozen
out. The sampling unit is returned to the laboratory
for quantitative measurement of water vapor and
carbon dioxide. Assuming a constant carbon dioxide
content of air at 0.031%, one can calculate the amount
of air sampled, and in this way determine the mixing
ratio of the water vapor.
More recently, an adsorption-type of gravi-
metric sampler was developed by General Mills'
personnel, now members of the Applied Science
Division of Litton Systems, Inc. (17,20,21). In con-
nection with the development of this technique I have
made experimental balloon flights utilizing this type
of collector. Our sampling devices utilize the prin-
ciple of adsorption of water vapor and carbon dioxide
on synthetic zeolites. Two different samplers for use
at two different altitude regimes have been developed
using the adsorption technique. One sampling unit
which can be flown to an altitude of approximately
30 km, has a blower that draws ambient air through
two beds of zeolite (see schematic diagram, Fig. 1).
The other sampling unit, which is useful above 30 kin,
has a cryogenic adsorbent pump that draws air
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Fig. 1. Gravimetric adsorption sampler for alti-
tudes to 30 km.
Fig. 2. Cryogenic adsorption pump sampler for
altitudes above 30 km.
through a bed of zeolite. This pump can also be used
as a whole-air sampler (see Fig. 2, schematic
diagram). As in the Goldsmith trap, the sampling
units are returned to the laboratory for quantitative
analysis of water and carbon dioxide.
In our flights (see Figs. 1 and 2) we included
a flowmeter to determine the air volume sampled.
In this manner we determined the carbon dioxide
concentration at altitude or checked the flowmeter
volume of air by assuming a constant concentration
of carbon dioxide, as Goldsmith did. The carbon
dioxide concentration appeared tq be constant in the
stratosphere at an average value of 0.031% by
volume.
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Themajoradvantagethatthezeoliteadsorp-tionunits haveovertheliquidnitrogentrap is that
a muchgreatervolumeof air, approximately50
times greater,canbe sampledin ashorterperiod
of time. In general,the gravimetricsystemshave
the disadvantageof samplingat onealtitudeonly,
asopposedto frostpoint-dewpointhygrometersthatgivea vertical distribution.Gravimetricsamplershavetheadvantage,however,of obtainingsamples
of water andcarbondioxidethat canbe analyzed
for isotopic content,suchas deuterium,tritium,
andcarbon14.
Discussion
Now that I have briefly described some of the
measuring techniques, what values have been ob-
tained for the vertical distribution of water vapor
in the atmosphere? A comparison of flight data, in
terms of mixing ratio, obtained by various inves-
tigators is given in Figure 3. This figure is a
modified version of data compiled by Gutnick (11).
For those unfamiliar with the term "mixing ratio,"
it is defined as follows:
6. SPECTROSCOPIC AND SPECTROMETRIC
DEVICES. Water vapor has a series of intense ab-
sorption bands in the infrared and a series of
rotational bands from 20 _ to the microwave region.
Therefore, measuring the sun's spectrum at dif-
ferent heights in the atmosphere and at various
resolutions makes possible a determination of the
water vapor content in the layer located above the
level at which the measurement is carried out.
Measurements have been made using the sun's
infrared spectrum from airplanes and balloons (10,
12,15,16,22). In these studies, both prism and grat-
ing instruments have been used. The image of the
sun is guided onto spectrometer slits by means
of a heliostat. The heliostat is a device that can
follow the sun and reflect its light into the spec-
trometer. The interpretation of the spectra is
difficult mainly because of the insufficient resolu-
tion of the instrument and errors determined by
function of the apparatus, such as improper hello-
stating, changes in air pressure, and partial pres-
sure of water vapor, etc.
Infrared hygrometers, which have their own
radiation source and do not depend upon the sun,
are currently being developed to measure water
vapor at altitude. Since they are not completely
ready for use at present, I shall discuss them no
farther.
Another type of spectrometer humidity-meas-
uring instrument is the Lyman-alpha humidiometer
(9). This device is based upon the fact that water
vapor has a large coefficient of absorption of
Lyman-alpha radiation (1,215.6 A) produced by hy-
drogen. Instruments utilizing this principle have
been flown on aircraft and even on rockets.
7. MICROWAVE REFRACTOMETERS. The
last type of instrument I should like to discuss
briefly, in the category of instruments that have
been flown experimentally on balloons, is the micro-
wave refractometer. The microwave index of re-
fraction of air depends upon atmospheric pressure,
temperature, and partial pressure of water vapor.
Thus, if temperature and atmospheric pressure
can be obtained independently, then the water vapor
pressure can be determined from measurements
of the index of refraction. The presently available
index of refraction sensors utilize the same prin-
ciple, i.e., they are capacitors that have an operating
frequency in the microwave region. At present,
these instruments have poor accuracy above 10 km.
Further studies are being made to improve them.
Mixing ratio = Weight of water vapor (g)
Weight of air sampled (kg)
The mixing ratio and the frostpoint and dew-
point temperatures are used by most investigators
today to indicate the amount of water present.
There is a scattering of values for the same
altitude (Fig. 3). The values appear to have a similar
pattern, however, i.e., the mixing ratio decreases
with altitude to about 16 km and then increases at
least to the highest point measured to date, 36 km.
Incidentally, this value was obtained with the cryo-
genic adsorption pump device.
A great controversy has arisen as to whether
the values above 16 km are true or whether they are
indicating water vapor brought up by the measuring
instrument or balloon as contamination. British
investigators emphatically assert that the values
obtained above 16 km are contamination and that
the water vapor content of the atmosphere above
16 km is either constant or decreasing. They have
calculated that a contaminated instrument containing
a film of water a few molecules thick can act as
an infinite source of contamination. Some American
researchers feel that the atmosphere has a variable
water vapor content. In fact at the recent 1963
International Symposium on Humidity and Moisture
at Washington, D.C., there was a clear division of
opinion with the divergent groups being called either
the "wets" or the "drys."
Although the differences in values appear to be
of insignificant amounts, these differences have
both practical and theoretical implications. In the
practical area one finds that even a minute amount
of water vapor can make the difference between
success or failure. The infrared detectors might
not detect the radiation emitted by intercontinental
ballistic missiles. Certain theories about the circu-
lation in the stratosphere are based upon some of
the observed values; if these values are incorrect
then the theory is invalid.
Direct evidence for the existence of high,
localized concentrations of water vapor in the
stratosphere are the noctilucent clouds that have
been observed at 75 km. On the cover of the June
1963 issue of Scientific American is a photograph
of a noctilucent cloud over Sweden. These clouds
have been found over that part of the country quite
often. Rocket samplings have shown that such
clouds contain ice crystals (19).
' ! I
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Fig. 3. Comparison of flight data with mixing ratios obtained by various investigators (modified from Gutniek, 11).
Further evidence for the possible existence
of high, local water vapor content in the strato-
sphere is the presence of nacreous clouds at 22.5
to 24 kin. These clouds appear in high-temperature
latitudes, generally over mountain ridges. Such a
cloud, photographed over Arizona, appears on the
cover of the 19 April 1963 issue of Science. This
cloud has a queer ring structure. Although the
possibility exists, it has not been proven that
nacreous clouds are composed of water. The pres-
ence of such a cloud does show, however, that
large concentrations of material can penetrate into
the stratosphere.
How both types of cloud reach their respec-
tive altitudes or why they exist there are at present
unknown.
From thermodynamic considerations, it is
practically impossible for water vapor from the
earth's surface to rise above approximately 16 km.
Whether water found in the stratosphere is due to
chemical or photochemical composition is presently
unknown. Transport phenomena that have been sug-
gested are advection and convection. Present evi-
dence, however, does not wholly support these
processes.
104 CONFERENCEONATMOSPHERICBIOLOGY
About3 yearsago,DeTurville(8)suggested
that water vaporis formedat altitudesabove100
kin, from the protonflux that had beenemittedfrom the sunandcapturedby theearth.His rough
calculationsshowthat completeoxidationof the
hydrogencapturedthroughoutheexistenceof the
earth might accountfor the earth's total ocean
mass.If this theoryis correct,thenit canexplain
the shapeof thevertical distributioncurve.Con-tinuousformationof watervaporat altitudesabove
100km mustleadto adecreasingdownwardg adient
of mixing ratio until it is met by thedecreasing
upwardgradientarisingfrom evaporationof waterfrom the surfaceof the earth.DeTurville'spostu-
lation,however,leavesmanyquestionsunanswered,butit is aninterestingpossibility.
Conclusions
It is obvious from what I have said that a
great deal of investigation must be performed.
Studies must be carried out to prove or disprove
the possibility of erroneous results due to contam-
inated equipment. Furthermore, flights should be
performed with a variety of measuring devices at
the same time and place to correlate the operating
accuracies of the various types of sensors. Only
through extensive laboratory and field studies can
the controversy between a "wet" and "dry" strato-
sphere be settled.
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Discussion
Junge--If I may just make a remark about
this idea of water vapor coming from outside. It
cannot be upheld against some pretty good evidence
that oxygen on our atmosphere during the time of
evolution has apparently increased rather than de-
creased. In case water is formed by the influx of
protons one would, of course, expect decreased
oxygen. This can be rather well ruled out on the
basis of geochemical evidence.
Also, there is no necessity to assume hydro-
gen influx because the increase of the mixing ratio
with altitude can be explained on the basis of certaiu
mechanisms of vertical mixing. For instance, as
Brewer (A) stated in 1949 (and I think up to now,
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• fairly correctly) that the dewpoint around :83C,
always found around 15 km, is due to the cold-trap
action of the tropical troposphere. One would assume
that the effect of this cold trap would somehow
become less efficient if one goes to higher latitudes.
So it could well be that by some vertical motions
in the polar stratosphere (particularly the polar
night stratosphere) some parcels of air with higher
mixing ratio can penetrate through this dry layer
around 15 km from below, and penetrate into the
higher atmosphere.
New data that were recently obtained by
H.J. Mastenbrook in the Naval Research Labora-
tories with his new radiosonde, seem to indicate
that the older data are wrong and that the mixing
ratio stays constant with altitude. He thinks that the
older measurements reflected contamination. Mas-
tenbrook has excluded contamination by measuring
on the way down with the instrument located below
the balloon. He found constant mixing ratios in a
number of flights and I must admit his results
look good, but he has still to explain how the older
data were so consistent, particularly the data
obtained by spectroscopic measurements. It is hard
to understand how the contamination around the
balloon will affect the whole light path from the
balloon instrument to the sun. The whole subject is
absolutely open for discussion at the moment. All
we can do is wait for better data.
Steinberg -- I agree with you wholeheartedly,
Dr. Junge; in fact, it is the premise of my talk.
More data are needed to iron out these difficulties
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we are having. Perhaps the difficulty isn't con-
flicting data; perhaps it is a variable atmosphere.
I do not know.
I have spoken with Mastenbrook at a couple
meetings; I have this feeling that he is changing
his mind about his earlier data. Also he apparently
is having, I understand, some difficulty with his
instrument. He has been obtaining dewpoints at
much lower temperatures than most people believe
his device can measure. Even Brewer questions
his -90 C dewpoint.
Contamination is a big problem. How would
the contamination in spectrometry explain the com-
plete path? It is difficult to understand how con-
tamination will explain some of our data; we've taken
a large sample, thinking that a large sample would
seem to overshadow the contamination. I do not
know. We took precautions against all possible
contamination by including drying devices on our
instrument packages and starting the blowers ahead
of time in order to pull out any contamination that
may have arisen during the flight. Of course we
can use a lot more experimentation. The possibility
does exist that there is possible contamination in
all cases.
More work has to be done. More comparative
flights are needed at the same time between differ-
ent instruments measuring the same air. Perhaps
that way we can determine if we are getting pure
samples.
Literature Citations
A. BBEWEB, A.W. 1949. Boy. Meteor. Soc., London, Qrtly. J. 75: 351-363.
Convenor:C.W.Bruch
Using
Stratospheric
Frost-Point Measurements
the Alpha Radiation Hygrometer
N65- 25 98 9
Stephen F. Rohrbough and John G. Ballinger
Honeywell Military Products Group Research Laboratory
St. Paul, Minnesota
Abstract _, ,_
Associated with reliable frost-point measurements
of the stratosphere are problems of proper instrument
operation under low frost-point conditions and contamina-
tion from extraneous sources of water vapor. These
problems are discussed and results of two night balloon
flights from Sioux Falls, S.D., are presented. These flights
had several models of alpha radiation hygrometer (Honey-
well) on board. Results obtained with these units indicate
little difference between ascent and descent frost points.
Present programs in this field are discussed.
I. Introduction ,/z_L/T'_/'_'_"
The total precipitable water and the dew or
frost point in the stratosphere are of great impor-
tance for many reasons. Estimates of world air-mass
movements are of great interest to meteorologists
for weather forecasting. Guidance and tracking of
rockets require accurate knowledge of the atmos-
pheric index of refraction, which varies with water-
vapor content. Many of the people at this conference
are interested in the stratospheric water content as
it pertains to life support for microorganisms.
Two serious difficulties exist in determining
the amount of water vapor in the stratosphere.
1) The low concentration of water vapor may reduce
the rate of mass transfer to the mirror surface of
automatic frost-point hygrometers to such an extent
that the servo control system becomes ineffective.
2) Since moisture is carried into the stratosphere
by the balloon and instrument package the accuracy
of the measurement of ambient frost point depends
upon how much of this excess moisture is desorbed
into the sampling region.
In November 1963, Honeywell alpha radiation
hygrometers were flown on two night-launched bal-
loon flights. The alpha hygrometer determined the
frost point by maintaining a constant amount of frost
deposit on a cooled radioactive surface; the thickness
was sensed by the attenuation of alpha particle
energy. The steps taken to reduce contamination, the
results of the flights, and some conclusions are
presented in the following sections. In addition, the
operation of the alpha hygrometer is briefly de-
scribed.
II. Background Information
Investigation of water vapor was restricted for
many years to tropospheric measurements of dew
points and relative humidities. Ground-based infra-
red devices aimed at the sun measured the total
precipitable water in the atmosphere. Since there are
large variances in ground and tropospheric water
vapor, however, these measurements gave only clues
as to the water content of the stratosphere.
Direct investigation of the water-vapor content
was extended to the upper atmosphere more than
15 years ago. Early work by Dr. A.W. Brewer and
co-workers (3) in England resulted in the develop-
ment of a manually operated optical hygrometer
suitable for stratospheric measurements from air-
craft. Data obtained with this type of unit was
necessarily limited at that time to altitudes of less
than 55,000 ft.
The collection of water samples by balloon-
borne systems, with the resultant single-point deter-
mination of water-vapor mixing ratio, extended the
information range to nearly 100,000 ft. Early sys-
tems collected a large sample of air in a poly-
ethylene balloon. Upon recovery of the balloon the
collected air was compressed into cylinders for
later analysis. Freeze-out traps that utilize a coil
immersed in liquid nitrogen to remove the water
vapor from the air sample were developed by the
British Meteorological Group (2). The air sample
was drawn through the tube, and the water was
frozen in the tube. The tube was sealed at the sam-
pling altitude, reducing the contamination problem
during handling on the ground. The small tubing and
blower on this unit resulted in low volume flows
with correspondingly long sampling periods. The
adsorbent system (4) of water collection could sam-
pie higher volume rates, thereby reducing collec-
tion time. A high-volume blower drew the air sam-
ple through an adsorbent bed that collected the
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water that was in the air sample. The adsorbent
was then sealed at altitude and returned to ground
level, again reducing the handling problem. With
each of the above systems one can obtain the mixing
ratio at only one point.
The development of the automatic hygrometer
for obtaining frost or dew points enabled data to be
collected continuously from ground level to the
maximum altitude of the carrying vehicle (balloon
or aircraft). Automatic hygrometers that optically
detect changes in the reflectivity of the frost layer
have been designed by many investigators. These
instruments, generally flown on balloons, sample the
atmosphere continuously, either telemetering the
frost point data to a ground station or recording it
on board the package for later analysis.
Automatic hygrometer data obtained by various
observers at many locations have yielded radically
different values of stratospheric frost point. This has
resulted in conflicting points of view and a current
controversy as to the amount and distribution of
stratospheric water-vapor content. Although several
basic meteorological reasons for this divergence of
data have been postulated, the divergence is most
probably attributable to operational failure of frost-
point hygrometers as a result of low mass transfer
rates and errors caused by the excess water desorbed
from the instrument package and associated equip-
ment.
To date, little is known about the frost-forma-
tion, mass-transfer rates, etc., that occur on and
around the frost formation surface of a hygrometer.
Steady-state conditions at atmospheric pressures
have been examined, but the effects of sudden
changes in frost point or changes in the ambient
pressure have not been experimentally determined.
Since mass transfer rates are low, under low frost-
point conditions, the frost-point indication from an
automatic instrument can be either very sluggish
or can undergo large oscillations, depending upon
the manner of servo control. Obviously this can
lead to false measurements.
Instrument contamination is also considered
an important problem in determining atmospheric
water-vapor content; the effect of contamination must
be carefully considered. Measurements made in the
balloon wake can be erroneous due to contamination
from water that has been "stripped" fromthe balloon
and from the package surfaces as the package is
drawn through this contaminated air on ascent. Solar
heating of the equipment can cause desorption of
water from all surfaces of the equipment. The flight
system must be examined for possible sources of
contamination; these sources must be either elimi-
nated or accounted for in the data analysis.
III. Operation of Alpha Radiation Hygrometer (1}
Previous automatic frost-point hygrometers
used for stratospheric measurement employed
changes in the light reflectivity of a cooled-mirror
surface to indicate changes in the condensate on
the surface. The alpha radiation hygrometer uses
the fundamental approach for determining frost
thickness by energy attenuation of alpha particles
that pass through the layer.
One advantage of this approach is that the
nature of the dew or frost layer (which can change"
under different conditions of formation at different
altitudes) has little effect upon the measurement.
In our experiments two alpha radiation sources
(Po 210) emitted 5.3 Mev alpha particles (see block
diagram, Fig. 1). One of the alpha sources was
fastened to the cold junction of a thermoelectric
cooler and coated with a thin gold overlay. The
thermoelectric cooler was mounted on a heat rejec-
tion surface. Particles from the first alpha source
passed through the frost layer and were detected
by a solid-state, alpha-particle detector. Particles
from the second source passed through a control-
layer absorber and were detected by a second
detector. All alpha particles passed through the
absorbing media with a resultant attenuation in
energy. While changes in thickness of the frost
layer did not, in general, result in changes in the
pulse rate, NO, received by the preamplifier, they
did result in changes inthe pulse energy distribution.
An electrical threshold level was set at the flip-flop
so that only the higher energy pulses could pass.
Thus, a change in frost-layer thickness caused a
resultant change in the frost-layer pulse rate, NF,
beyond this electrical gate. This same electrical
threshold was applied to the reference channel, and
the pulse rate, NR, passing this gate determined the
frost-layer-thickness control point about which the
instrument cycled. The reference channel had no
frost layer and thus provided automatic correction
for changes in density of the air gap between source
and detector- which is important for stratospheric
flights.
Two random trains of input pulses to the flip-
flop and the resultant output waveform are shown
in Figure 2. The reduction in pulse height, as a
result of absorption in the frost and control-layer
absorber, is shown together with a typical electrical
gate setting. When a sufficiently large pulse occurred
in one channel, the flip-flop was switched to one
state and remained in that state until a pulse from
the other channel drove it to the other state. Since
the input pulses were entirely random, the flip-flop
switching was also random.
The long-term output voltage from the flip-
flop as it swung between states was related to the
pulse rates, N F and N R, and can be written
_¢ NF - N R
"V
N F + N R
where N F = Frost channel long-term-average
counting rate
N R = Reference channel long-term-average
counting rate
V = Flip-flop state voltage.
This voltage, when integrated and amplified, became
the mean error signal that drove the thermoelectric
cooler to the balance conditiou.
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Fig. 1. Block diagram of alpha radiation hygrometer. (Originally shown at 1963 International Symposium on Humidity
and Moisture, Washington, D. C., and published in "Humidity and Moisture," VOlo I. Reinhold Publishing Co., New York,
1964° Reprinted by permission of editor-in-chief.)
In a linear approximation, this error signal could
be considered proportional to the difference between
the frost thickness, a F' and an equivalentthickness,
a R' of the absorber in the reference channel. This
difference then determined the value of the current
to the thermoelectric cooler, which in turn could be
considered proportional to the temperature T of the
cooled surface. If the error signal was integrated,
then
dT
_- _ (a F - aR) ,
and if not integrated, then
To_(_F - aR) "
In either case, for T # To, where T o is the frost
point, then
daF/dt # 0,
and the change in (a F- a R) drove T to the balance
condition: T = T o. During this servo operation of
the instrument, 'T was continuously monitored and
was in general an oscillating function in time about
T o . The extreme sensitivity of the alpha absorption
technique in sensing minute changes in frost-layer
thickness led to fast response and cycling character-
istics of the servo system. These characteristics
had crucial significance in stratospheric applica-
tions where the rates of frost formation and sub-
limation that were obtained for a given difference T
and To, were severely reduced from those that
occurred near the earth's surface.
IV. Recent Flight Results
Two balloon flights were planned for November
1963 under co-sponsorship with Air Force Cambridge
Research Laboratories. The purpose of these flights
was to obtain stratospheric frost-point data. The
flight package was carefully prepared to keep the
amount of contamination to a minimum. A sealed
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container held the batteries and equipment for tele-
metering the frost-point temperature, free-air tem-
perature and pressure, and servo monitoring of one
of the frost-point hygrometers. In order to reduce
the surface area available for water adsorption, no
crash pad material was used. The sealed container
was placed at the center of a 3-ft skeleton cube. The
frost point hygrometers were located such that their
sensing heads were in the air stream outside the
3-ft cube. On-board recorders provided a backup of
the telemetered data for four of the hygrometers.
Both flights were made at night to eliminate
the effects of solar heating of the equipment with
the associated desorption of water. The balloons
were launched from Sioux Fails, S.D. Due to strong
easterly winds in November, a second ground-
tracking station was established at the Honeywell
Ordnance Plant in Hopkins, Minn., as a backup
should the balloon travel out of range of the ground
station used for launch. In this manner data would
be obtained from the time of launch until the tropo-
pause was reached on descent.
There were some differences between the units
flown on the two flights. Two of the units were the
research models, type S; the remaining units were
engineering models, type G. In both models the normal
heat sink was a 1-ft 2 fin. This fin conducted heat
from the Peltier cooler and radiated it to the atmos-
phere. One of the G-type units, however, had a heat-
of-fusion sink that consisted of ethyl alcohol (freezing
point, -114 C) in a sealed container and was desig-
nated type F. The container of alcohol was frozen in
liquid nitrogen. It was planned that both ascent and
descent data would be obtained on each flight to
check the effect of balloon-wake contamination. The
ascent and descent rates were alike to provide
similar ventilation conditions for the hygrometers on
both phases of the flight.
The first flight was launched at 1849 CST on
17 November 1963 (M-H flight No. 9). The payload
of 676 lb included 120 lb of ballast. The ascent rate
averaged 450 ft/minute to 30,200 ft, and 415 ft/minute
from this point to the float altitude of 95,500 ft. The
system was allowed to remain at the peak altitude
for about 60 minutes before descending at 434 ft/
minute to 50,000 ft. At this point, all telemetering
data ceased due to battery failure.
Because of a malfunction in the information
switch, the data from the heat-of-fusion instrument
(F-l) was lost. The G-7 instrument had a malfunction
that caused a severe drain on its battery; its data
were lost shortly after launch. Data were obtained,
however, from three units.
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S-2, Which was the most sensitive hygrometer,
transmitted data until the balloon reached float
altitude (Fig. 3,solid line). A sharp, dry layer with a
frost point of -44 C was noted at about 640 mb and a
moist layer with a frost point of -30C at 600 mb.
This instrument showed good cyclic action from
approximately 130 mb to the float altitude of 13 mb.
The frost point remained nearly constant at-75C.
Unfortunately no descent data were obtained on this
flight for a comparison to determine the effect of
the balloon wake.
The second research model, S- 1, worked during
the first portion of the flight. These data (Fig. 3,
dotted line ), followed quite well that of hygrometer
S-2, but did not show as distinctly the sharp dry-
moist region near 600 mb. This was due to the fact
that S-1 was not as sensitive as S-2. Data are
shown only to an altitude of 250 mb since at this
point a malfunction caused the instrument to remain
in a full-heating mode and the data were lost. The
third curve (Fig. 3, dashed line ) represents data
from the G-10 instrument. This unit was off at
launch and was not turned on until about 590 mb. At
this point the instrument achieved a frost deposit
and followed unit S-2 to 250 mb; at this point the
high drain on the batteries caused it to fail. The data
for G-10 has been smoothed on Figure 3 to make it
easier to discern the data from each instrument.
The same cyclic action was noted on all instruments.
This flight was considered as only a partial
success since there was no verification of the frost
point data obtained by S-2. A servo monitor placed
on this hygrometer, however, indicated that the unit
was operating throughout the flight.
Since no damage occurred at impact, the
package was readied for the second flight. Wiring
changes were made and the batteries grouped to
provide longer life for the G-series hygrometers.
At 2336 CST on 23 November 1963, the second
flight was launched (M-H flight No. 10). The load
was 691 lb with ll01bofballast. A more rapid ascent
was established on this flight with an ascent rate of
735 ft/minute to the peak altitude of 97,960 ft. It
was hoped that the higher ascent rate would allow
completion of the flight before the batteries dis-
charged. Upon reaching the float altitude, the balloon
system immediately began descending at 270 ft/
minute until 74,000 ft. Thereafter, the descent rate
was 367 ft/minute until signals were lost at 65,000 ft.
A short circuit in the dc-to-dc converter terminated
the data transmission.
In Figure 4 are the ascent data of the second
flight. S-2 Again showed the dr_-moist region at
500 mb. The change this time was slightly larger,
17 C, than on the first flight where the change was
14 C. The general pattern, however, was the same
as on the first flight; above about 80 mb the frost
point was again nearly constant at -75 C.
Hygrometer S-1 was off at launch and turned
on by radio command at an altitude of 780 mb. It
immediately went on full cooling to form its frost
layer; it overshot the frost point and then began
tracking at about 700 rob. From this point on, S-1
again indicated the same frost-point values as S-2,
with a lack of sensitivity similar to that indicated on
the previous figure. The data was again lost at
approximately 210 mb by the same effect that
occurred on the first flight. Both G-series instru-
ments, G-7 and G-10, lost their frost layers imme-
diately after launch. As a result, they both were on
full cooling until they could recover and form their
frost layers. This occurred for G-7 at approximately
250 mb and for G-10 at 210 mb. From this point on,
both instruments attempted to measure the frost
point.
At launch, hygrometer F-1 had a heat-sink
temperature of -196C. The Peltier cooler on this
unit could not produce enough heat to raise the
temperature of the frost-formation surface to the
true frost point. At 300 mb the frost point was low
enough that the hygrometer could operate. The unit
then followed the same general curve as S-2 from
this point up to float.
Disagreement in the readings of the instruments
at high altitudes was readily accounted for by the
following uncertainties: 1) errors in thermistor cali-
bration could contribute discrepancies of up to
+2C; 2)sluggishness of the servo systems due to
poor mass transfer at low frost points could produce
an apparent balance for many minutes while the frost
temperature was actually up to 3 C higher or lower
than the frost point, and when the frost point changed
in time this offset could occur continuously; 3)
inadequate ventilation of the sampling region could
cause the measured frost point to lag the ambient
value, that decreased in time on an ascent flight.
The ventilation of units G-7 and G-10 was
particularly poor. G-7 Formed its frost layer and
came into equilibrium with the air around the sensor
at a relatively moist frost point. This was the most
probable reason for the more pronounced divergence
of hygrometer G-7.
In Figure 5 are shown the complete ascent data
and the descent data of S-2 to 58 mb as well as the
descent data of G-7. While this flight did not float for
any period of time, it should be pointed out that the
period from 20 mb on ascent to 20 mb on descent
was actually a long time (75 rain) due to the slowing
down and speeding up of the balloon as it reached
altitude and began to descend. There was only a
slight change over the first 20 mb in the indicated
frost point, however. In addition, the descent reading
at 58 mb was only about four degrees Centigrade
colder than that recorded on ascent. Some con-
tamination was expected on this flight; apparently the
contamination was no greater than that which would
produce a 4C difference. G-7 Indicated a descent
frost point that was approximately seven degrees
Centigrade warmer than the S-2 descent values.
This could again be attributed to poor ventilation; the
excess moisture accumulated on ascent was not
completely flushed away from the sensor.
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V. Conclusions
The frost points measured in two flights by
unit S-2 tend to show that there was little change in
the frost point above the tropopause in the short
time interval between flights. The low frost points
found by some observers in this same altitude range
were not found here. This does not necessarily
imply that these measurements are typical. There
may be a great variation in frost point due to dif-
ference in latitude, diurnal effects, etc., that can
only be established by many and repeated observa-
tions. Questionable data caused by instrument mal-
function resulting from low mass transfer rates
and the errors associated with contamination must
first be eliminated. Until such time, the amount and
distribution of water vapor in the stratosphere must
be considered undecided.
VI. Present & Future Work
At present there are several programs in the
field of water-vapor measurement in progress at
Honeywell. The purpose of these programs is to
determine methods for obtaining reliable frost-point
data and to obtain some accurate stratospheric
measurements. A study of frost formation, including
rates of formation as they apply to individual sensor
heads, is under way in a small test cell that can
reproduce typical stratospheric conditions in a
dynamic fashion.
Work sponsored by the Meteorological Devel-
opment Laboratory of Air Force Cambridge Research
Laboratories is presently being performed to
explore the problem of low mass-transfer rates
around a frost-formation surface in a rarefied
atmosphere. The effect of step changes in frost point
on the recovery of the hygrometer andthe associated
time constants of the hygrometer under various
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conditions of operation are being studied. The results
of these tests will apply to all types of automatic
frost-point hygrometers. Preliminary results indi-
cate that with frost points below -70C and pressures
less than 100 mb, time constants of at least 5 minutes
should be expected for the response to a varying
frost point.
The second program sponsored by the Meteoro-
logical Development Laboratory is concerned with
constructing a flight package that will reduce con-
tamination as much as possible. Flight tests of this
package are included in the program. The amount of
contamination will be reduced to as low a level as
possible and will be evaluated with the intent of setting
limits on the accuracy of the data obtained with this
equipment. The program will investigate ascent vs.
descent data, night vs. day flights, and other variables
such as ascent and descent rates. The package to be
developed will be useable on all kinds of flight sys-
tems, including long-duration, horizontal flights.
I would like to answer the question raised
earlier in the conference about Mr. Mastenbrook's
data.
We feel that Mr. Mastenbrook has contributed
greatly to stratospheric water-vapor measurements
by recognizing the contamination problem. After
reviewing some of his data, we are not convinced
that his data can be considered as representative of
the stratospheric frost-point due to the long instru-
ment time constants that occur at low frost points.
It is unlikely that equilibrium over the mirror surface
can occur during Mastenbrook's high descent rates
due to the low water-vapor concentration that is
available for transfer to the mirror surface. Some
of his data also show large temperature oscillations,
which we believe indicate long time lags in his servo
loop. We might not be right either, but the data from
our flights through this altitude range appear to
verify one another.
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Nomenclature
Mev Million electron volts
N F Frost channel long-term-average counting rate
N R Reference channel long-term-average counting rate
V Flip-flop state voltage
a F Frost thickness
aR Absorber thickness in reference channel
Discussion
Danielsen -- Could you describe the weather
pattern or weather situation through which these
balloons were released? Were you restricted to a
particular type of weather pattern that would bias
your sampling?
Rohrbough-We had obtained all the radio-
sonde data that was available for the days preceding
both of these flights, as well as the time in between
the flights. During this time in November there
were several fast-moving storm systems coming
into the area. The upper atmosphere temperatures
as indicated by the radiosonde data (they varied at
any given altitude by 4 or 5C during a period of
24-48 hours) indicated that there was quite a
changing stratosphere at this time. We had a snow-
storm between the flights of the 17th and 23rd.
Soffen -- Do you know how much water there is
in the helium? I presume this is a fairly large
balloon.
Rohrbough-The amount of water, no. From
some of our past work in flying balloons, we have
determined that the water vapor concentration in
ground level helium has a frost point of about -60 C.
As one reaches higher altitudes, however, this con-
centration rapidly decreases below -90C such that
the helium should not have much effect. Unless there
were exceedingly high diffusion rates from the bal-
loon you would not expect to get much contamination
on descent. This is the basis for some observers
now taking only descent data.
We did not get large differences between
ascent and descent. This was a night flight; it's
likely that one might get much more difference on a
day flight, due to more water vapor desorption from
the balloon and from the package during the day
than at night.
Rohrbough- We compared the radiosonde data
from the three closest stations to Sioux Falls, which
would be Rapid City, St. Cloud, and Omaha. The
temperature data varied at different altitudes by
about 10C so we felt that we couldn't consider any of
those results to be typical of the Sioux Falls area.
As a result we used the temperature data that we
measured on board our flights.
Steinberg-- Let me clarify a point about con-
tamination from the balloon with water. Several
years back Goldsmith and associates made a series
of experiments putting deuterium into the balloon.
They took into consideration the distance they sam-
pled away from the balloon and the amount of con-
tamination they found. If they sampled 100 ft below
the balloon they got no contamination, so if one does
his sampling at least 100 ft below the balloon he,
apparently, will be all right.
Our sample was 150 ft below the balloon.
Junge -- What was your distance between the
balloon and the instrument involved?
Rohrbough -- About 100 ft.
Mantis -- I want to point out that the convection
currents around the balloon are of the order of
hundreds of feet per minute--very much like your
descent rate, so that the downwash from your balloon
may exceed your downward velocity if you descend
200 fpm at night. You may still have contamination
to worry about during the downward part of the flight.
Comment from audience --The daytime flights
are free from the downward convection currents so
you do not have to worry about balloon-borne
contamination then.
Comment from audience --No, I don't thinkso.
Not from the straight lines that he was getting. To
get backwash data and attribute them to backwash
implies a continual wind moving at the same velocity
in the same direction all the time from the balloon
toward its sampler. If he had sporadic changes then
you might talk about turbulence (in our sampling
we'd come across some water and then find it
was gone).
Mantis--I didn't mean to suggest that the
sample was contamined. I don't know if it was or
not. I'm just saying that the currents, the upwash
and downwash are of the same order of magnitude
as your descent rates. A descent rate of 200 fpm,
therefore, does not ensure fresh air.
Rohrbough -- On this flight we started de-
scending at 270 fpm and increased slowly to about
300 to 370 fpm.
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Abstract _3(_(_0
Microorganisms in atmosphere can be represented
by particles of Stokes' radii of about one micron and
larger. Large scale distribution of such particles in
troposphere and stratosphere is discussed.
Conclusions for troposphere arebasedonconsidera-
tions of physical processes involved and on studies of
inorganic aerosols; they seem to be in line with the scanty
information for atmospheric microorganisms.
For stratosphere the vertical distribution of parti-
cles is calculated for sedimentation-diffusion equilibrium
under various assumptions about the eddy diffusion coeffi-
cient. It is concluded that even larger microorganisms
can penetrate into lower 10 km of the stratosphere.
However, an upward penetration of microorganisms be-
yond 25 kin, in extreme cases beyond 30 km, can hardly
be expected even for the smallest atmospheric micro-
organisms.
Exposure of microorganisms to ozone and sulfur
oxidation-products in stratosphere is briefly discussed.
!
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I. Introduction
This paper is concerned with the vertical dis-
tribution of airborne organisms in the troposphere
and stratosphere when these organisms originate
at the earth's surface. It is the speaker's intention
to survey our present knowledge about atmospheric
transport and diffusion of particles in the atmos-
sphere and its application to microbiology partic-
ularly in the upper atmosphere. Considerations of
this type should form the basis for any interpretation
of data on the distribution and origin of micro-
organisms in the atmosphere.
I shall briefly discuss the following topics:
A. Large scale distribution of aerosols in the
troposphere and its implication for tropospheric
distribution of microorganisms.
B. Theoretical considerations about the ver-
tical penetration of microorganisms into the strato-
sphere. The stratosphere extends from the tropo-
pause at about 10 km in middle latitudes to the
stratopause at about 50 km. The troposphere nor-
mally in our latitudes extends to 11, 12 km and the
stratosphere from this level to about 60km, where it
merges with the mesosphere. The level that separates
the troposphere and stratosphere at 11 km is called
the tropopause.
C. Residence time of microorganisms in the
stratosphere and exposure to ozone and oxidation
products of sulfur.
II. Size Range of Atmospheric Microorganisms
The large-scale distribution of microorgan-
isms in the troposphere and particularly in the
stratosphere will depend upon their fall velocity,
i.e., upon their sizes. It is therefore important to
consider the size range of the atmospheric micro-
organisms. Gregory (3) has surveyed the shapes and
sizes of a large number of these particles (sum-
marized in Fig. 1). Most of these particles are
spores from soil bacteria, fungi, and in addition some
pollens most of which have diameters around 20 _.
The sizes given in Figure 1 are diameters, but
subsequently all sizes in this paper will be given as
radii.
We see from Figure 1 that the diameters cover
a wide range starting with 1 u. Microorganisms
originating as they do in most cases from the soil
surface, however, occur rarely isolated but rather
they occur attached to other inorganic particles,
"rafts," so that their effective size for atmospheric
transport is enlarged. In addition, smaller atmos-
pheric particles that reside for some time in the
troposphere will grow due to a variety of processes
inside of and outside of clouds. This results in
agglomeration with other airborne particles.
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Fig. 1. Number of different types of atmospheric
microorganisms as function of their diameter according
to compilation by Gregory (3). For non-spherical par-
ticles, diameter represents mean value between smallest
and largest diameters.
aerosol of 200 to 500 particles/cm 3 (Junge, 4). We
do not know the average size of these particles, bur
we can expect them to have a radius somewhat
smaller than 0.1 _,. Their major source is from the
continents, especially the populated continents in the
northern hemisphere. In continental air near the
ground the concentration ranges widely between
about 5,000 and 30,000/cm 3. This concentration
decreases rapidly with altitude and approaches a
background concentration of 200 to 600/cm 3 at about
five kilometers altitude (Fig. 2). This concentration
stays essentially constant up to the tropopause level.
Above 5 km, washout becomes very unimportant
simply because the major portion of the rain forms
in the lower part. of the troposphere, and so washout
becomes less efficient. Also, the horizontal wind
speeds are normally much larger, so horizontal
mixing becomes more efficient. The decrease with
altitude in continental surface air is due to various
processes; washout and coagulation are the dominant
ones.
In the course of our further discussion I shall
therefore assume a lower limit of about 1 _, radius
rather than 1 _ diameter for the atmospheric micro-
organisms, especially for those that reach the upper
troposphere and are attempting to penetrate into
the stratosphere.
Besides the size of the particles it is impor-
tant to know their density. Values in the literature
(e.g., Gregory, 3) indicate a range between 0.4
and 1.4 g/cm 3 so that a density of one appears to be
a fairly reliable average value. A Stokes' radius of
a particle is defined as the radius of a sphere of
density one, that has the same fall velocity as the
particle itself. We can therefore conclude that the
lower limit of airborne microorganisms is a Stokes'
radius of 1 _ and that practically all sizes larger
than this value can occur.
III. Discussio_
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A. LARGE-SCALE DISTRIBUTION OF AERO-
SOLS AND MICROORGANISMS IN TROPOSPHERE.
We must admit as meteorologists that we practi-
cally know nothing about large-scale distribution of
particulate matter in the troposphere. We have only
little bits of information that we might tie together
to provide a rough answer to this problem. This
information may help us, however, to interpret some
of the available data, or at least it might serve as
a guideline for future work in this area.
The only available data on large-scale dis-
tribution of particles, unfortunately, are for par-
ticles much smaller than 1 _. I must admit that the
evidence is still rather incomplete. Still, a general
picture seems to emerge, from which we can extra-
polate to our particular problem. Recent studies of
the total number of atmospheric aerosol particles
(sometimes called condensation nuclei) seem to in-
dicate that most of the troposphere is filled with an
Fig. 2. Average vertical profiles of atmospheric
condensation nuclei in troposphere and stratosphere.
Measurements in lower troposphere were made by manned
balloons (Wigand, 14 flights) and aircraft (Weickmann,
12 flights) over Europe and USA, resp. Profiles 1 and 2
are average of 5 balloon measurements over central USA
plotted as concentration (= number of particles/cm 3)
and mixing ratio (= number of particles/cm 3 STP) resp.
(Junge, 5).
The oceans are practically no source for these
particles and it can be expected that the particle
concentration remote from continents is more or
less uniform throughout the troposphere. This is
confirmed by the fact that concentrations of 200 to
JUNGE--DISTRIBUTIONOFMICROORGANISMSIN ATMOSPHERE
•600/cm3 are frequently observedat sea level
whenevercontaminationfrom continentalair is
excluded.
Studiesof atmosphericfissionproductshave
shownthat this aerosolhasanaveragelifetimein
thetroposphereof aboutonemonth.Wealsoknow
that it takesair massesonthe averageaboutone
monthto mixhorizontallyto someextentwithinthe
samehemisphere(the mixingacrossthe equator
seemsto be slower). The fact that hemispheric
mixing time andaerosollifetime are aboutequal
results in a backgroundconcentrationof aerosols(outsidethe continentalair masses)whichusually
doesnot vary morethanby a factor of aboutwo
in timeandspace.
All this informationpertainsto aerosolsof
less than0.1_ averageradius;wehavepractically
noknowledgeabouthebehaviorof largerparticles,
that can be appliedto microorganisms.Thereis
someevidencethatsea-saltparticleshaveashorter
lifetime of about5 to 10days.Sea-saltparticles
form an importantthoughnotverynumerouscate-goryof naturalaerosolsfor whichmostof themass
is carried by particles between1 and10p(e.g.,
Junge,5) andare thuscomparablein sizewiththe
air spora.Theshorter lifetime is causedbymore
efficient rainout andwashoutand by larger fall
velocities.
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It can be expected that the smaller micro-
organisms will have tropospheric lifetimes of a
similar order once they have left the atmospheric
boundary layer. It is reasonable to assume that
these shorter residence times will result in larger
fluctuations of the background concentration, per-
haps by a factor of ten, and also will result in a
faster decrease in concentration with altitude over
land, i e., over source areas. If we disregard the
relatively few microorganisms that originate at
the sea surface we must expect that the ocean and
also the polar regions act as sinks resulting in a
decrease of concentration toward the surface. In
Figure 3 are summarized these conclusions and
suggestions in a somewhat schematic way.
The rather sparse observations on the hori-
zontal and vertical distribution of microorganisms
in the troposphere by and large confirm this picture
(Gregory, 3). Living material was present even in
such remote places as in the arctic or over the
centers of oceans. The concentration in surface air
over land was in general rather high with rapid
decrease with altitude. Over oceans there was a
tendency for an increase in concentration with altitude.
B. PENETRATION OF MICROORGANISMS IN-
TO STRATOSPHERE. There are only a few meas-
urements of the penetration of aerosols from the
troposphere into the stratosphere. In Figure 2 are
shown these data, which, however, refer to particles
smaller than about 0.1 _ . For such small particles
the upward flux of particles due to eddy diffusion is
compensated primarily by the decrease in number
concentration as a result of coagulation, although
coagulation does not result in removal of material.
Since we do not know for sure if these curves really
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Fig. 3. Schematic diagram of vertical profiles over
land and ocean in troposphere: a) Total aerosols (right)
(condensation nuclei), according to Fig. 2. b) Micro-
organisms in size range of 1-10_ radius (left) suggested
from a) and some information on sea-salt particles.
Concentrations are given in relative numbers.
represent a diffusion-coagulation equilibrium and
since we do not know the correct size of the parti-
cles involved, it is difficult to draw conclusions
about the value of D (eddy diffusion coefficient)from
Figure 2. For particles larger than 1 _ , sedimenta-
tion becomes much more important than coagulation,
and for this size range it is therefore likely that we
deal with a diffusion-sedimentation equilibrium.
In the following discussion I shall assume that
the concentration of microorganisms at tropopause
level is uniform. The question now arises how far
such particles can penetrate into the stratosphere
either by turbulent diffusion or by large-scale,
organized circulations. In the stratosphere there is
no cloud formation and there is no rain, so washout
is eliminated; the only way, therefore, by which
particles can be removed is by sedimentation. If we
assume for the moment that eddy diffusion is the
only responsible mechanism for upward spreading
into the stratosphere, we can calculate the vertical
distribution for an eddy diffusion-sedimentation
equilibrium. The following notations are used:
D : Eddy diffusion coefficient (cm2/sec)-
H = Scale height of stratosphere
(6.4 x 105cm)
n = noe-Z/H number density of air mole-
cules (cm -3)
= Particle radius (cm)
= Fall velocity according to the well-
known Stokes-Cunningham formula
which gives w as a function of r
and the mean free path length of
the air molecules. (cm/sec)
z = Altitude above tropopause (cm)
= Mixing ratio of particle number to
air molecules
r
w
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The concentration of particles is n - v ; thedown-
ward flux of particles due to sedimentation is
n • v • w, and the upward flux due to eddy diffusion
and the gradient of v is D. n 0 v
0z
For equilibrium we have vw + D 0 v
= o
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which gives the solution z
- 5 dz
O
O
where v o is the mixing ratio at tropopause level.
Reliable evaluation of this expression is difficult
because of our lack of information on D and its
variation with altitude. In Figure 4 are summarized
some of the measurements or estimates of D; this
shows the degree of uncertainty to be about one order
of magnitude or even more. It is certain that D is
markedly lower in the stratosphere than in the
troposphere due to the higher stability within the
former and it is certain that D decreases with in-
creasing distance above the tropopause. In order to
cover the range of possibilities indicated in Figure 4
__--D Qm----
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Fig. 4. Eddy diffusion coefficient in troposphere
and stratosphere. 1)Approximate range in the tropo-
sphere (see e.g., Lettau, 7). 2) Tropical stratosphere
from fission product observations (Spar. 8). 3) Same as
2). but for polar stratosphere. 4) Estimated value by
Brewer (1). 5) Estimated value for stratospheric sulfur
layer (Junge, 6). For our calculations we approximated
these values by four models. Models A and C most likely
represent average conditions, models B and D, extreme
conditions.
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In Figures 5 and 6 are the results of the com-
putation of v. The actual concentration of particles per
cubic centimeter is given by the product, n- v;
n decreases with altitude with a scale height of 6.4
km, so that the decrease amounts to 0.1for z = 14.4
km. This should be kept in mind for the discussion
of the v values. For models A and C, particles with
a Stokes' radius of 1_ can hardly penetrate beyond
25 km, but particles between 1 and 10 _ radius can
well spread into the lower stratosphere. For the
extreme models B and D the altitude to which 1
particles can penetrate varies between about 19 and
28 km.
On the basis of these calculations one should
expect that in middle latitudes with a tropopause
height around 10 km no microorganisms would be
found above about 25 km. This limit will probably
also hold for tropical latitudes, since here the
tropopause is about 6 km higher, but also D is
definitely smaller, so that both effects will cancel
each other more or less.
Unfortunately it is not entirely certain if eddy
diffusion is the only way of transport in the strato-
sphere. Several models of an organized circulation
have been suggested in the literature of which the
Brewer-Dobson model is the best known (see e.g.,
Junge, 5). But recent studies of fission product dis-
tributions within the stratosphere make it rather
certain that the role of this circulation, if it exists
at all, is of minor importance. There is firm evi-
dence, however, that in late winter, e.g., in January
and February, there occur large scale vertical mo-
tions in the polar winter stratosphere, that result in
sudden dynamic warmings of the layers between 15
and 30 km, but extend perhaps as high as 50 to 60
km. Craig (2), e.g., found large areas with subsiding
motions of up to 5 cm/second that continued for
several days. It is not unlikely that upward currents
of an equal magnitude occur simultaneously, that
should be able to carry particles smaller than a
certain limit along with thereto rather high altitudes.
The figures in Table I give the radius of par-
ticles which have a vertical velocity of 5 cm/second.
With our assumption that the lower limit of
atmospheric microorganisms is a Stokes' radius of
1 _ we conclude that vertical motion associated with
these sudden warmings can hardly carry living
material beyond 30 km. From our present know-
ledge of stratospheric behavior, which is admittedly
still rather scanty, 30 km thus seems to be the
upper limit to which microorganisms originating
from the earth can penetrate.
C. RESIDENCE TIME OF PARTICLES IN
STRATOSPHERE AND EXPOSURE TO OZONE AND
OXIDATION PRODUCTS OF SULFUR. I shall con-
clude this paper with some remarks about the
average time microorganisms can be expected to
remain in the stratosphere before they are removed
again by sedimentation. If
I assumed four models of the vertical profiles of D.
Models A and C, I feel, are closer to the actual
average values whereas models B and D represent
extreme values.
co
N =f nv dz (cm -2)
Z
= •
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Table I
Particle Size for Fall Velocity
5 crn/sec
Altitude, km 15 20 25 30 40
Particle radius, _ 2. 5 2.2 i. 6 1.0 0.3
is the total number of particles per square centi-
meter of the earth's surface above altitude z, and
(n v W)z the sedimentation flux at z (cm-2sec-l),
the average residence time, t, is
From fission product studies we know that the
general residence time for air in the stratosphere is
about half a year below 15 km and about one year
below 20 km. This is therefore an upper limit for
all particle sizes. The figures in Table II refer to
diffusion-sedimentation equilibrium only and should
be replaced by these general figures in those cases
in Table II where they are larger, i.e., for radius
3x 10 -5 cm below 20km. If we assume ModelCto
be representative for average conditions we can
conclude that small microorganisms with radii
around 1 _ will reside about two months above 15
km and about two weeks above 20 km. These times
should be considered as rough estimates, but may
be of importance with respect to the exposure to
ozone. The average ozone concentration in middle
latitudes, in spring and fall can be given by the
figures in Table III.
co
t =/ nv dz/ (n _ W)z (sec)
Z
The following figures have been calculated for Model
C with D o = 3 x 10 -4 cm2/second.
Besides ozone there is another unfavorable
aspect to survival at these altitudes that was only
recently discovered. Studies indicated the existence
of aerosols between about 15 and 25 km that consist
primarily of sulfate (see Junge, 5). It is not known
if this sulfate is free or if it is neutralized by some
cation. It is likely that these particles represent the
product of photooxidation of SO 2 that penetrates as
3o
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Fig. 5 (le_t): Calculated vertical distributions in stratosphere for particles of various Stokes' radii for models A and C.
Fig. 6 (right). Same as 3, but for models B and D.
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T able II
Residence Time in Years Above Altitude z* for Particles of Various Stokes' Radii r
z* = 10 15 20 25
r = 3 x 10 -5 cm 5. 60 yr 2. 85 yr 0. 97 yr 0. 17 yr
r = 10 -4 cm 0. 56 yr 0. 25 yr 0. 043 yr ...
r = 3 x 10 -4 cm 0.025yr .........
*Altitude in km above tropopause.
gas from the troposphere where it is always present,
into the stratosphere. If this concept is correct, one
should expect that these particles consist primarily
of concentrated sulfuric acid and that every particle
present in the stratosphere, e.g., also microorgan-
isms will act as a condensation nucleus for SO 3 in
the presence of water, of H2SO 4. The amount of
H2SO 4 that can condense on a single microorganism
may be as high as 10-6_ g. This amount corre-
sponds to a mass equal to that of the smallest
spores themselves and should be crucial for their
survival.
This latter discussion has been restricted to
these two dangers, i.e., ozone and sulfates, to
survival by constituents of the air, because those
dangers of extreme temperature, dryness, and
shortwave radiation are already often discussed and
need no further emphasis. Altogether both the
chemical and the physical dangers will shorten the
lifetime of microorganisms in the stratosphere in
one way or another, it is possible that the limita-
Table HI
Average Ozone Concentrations in Spring and Fall
in Stratosphere in Middle Latitudes
Ozone concn., _ g/m 3
Altitude, km
15 20 25
Spring 210 280 260
Fall ii0 170 210
tions by transport mechanisms for vertical spread-
ing within the stratosphere are exceeded by the
limitations imposed by the possibilities of survival.
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Gregory -- First of all, in appreciation of this
paper, one small correction for which I am respon-
sible, perhaps. The size we should consider is
probably down to about half a micron. Some bacteria
are smaller than that, but we don't know any mech-
anism by which they could get into the air as single
cells.
I would like to ask one question. It is some-
times assumed, perhaps incorrectly, that under
certain conditions microbes in the air do not merely
lose viability; they lose visibility also. They can as
it were, dissolve. Is there any evidence for that?
Their envelope is probably a carbohydrate on a
protein shell; inside is mainly protein. These sub-
stances are resistant except to high temperatures,
combustion, and enzymatic action. What would happen
to such a particle in the stratosphere with a coating
of sulfuric acid on it when acted on by ozone? It
might simply disappear.
Junge- This is a question which you would
rather ask a biologist than a meteorologist. I don't
know if a microorganism can survive for a time
after you put a little bit of sulfuric acid on it. We
have no information from our discipline which
could answer both your questions.
Goetz --Is it not rather also a question of the
temperature at which this contact occurs when the
thermal energy level as such is quite low? It is
thinkable that ozone in the tropopause may not
interact, simply due to lack of "kT" - if I may put it
that way. There are some experiments available,
where the persistence of bacterial aerosols at low
temperatures was tested. Destruction at this kT
level, if any, was much smaller than at the 300 K
level.
radicle. Conceivably,. there are sulfate reducers that
could get into these upper levels. All of these com-
pounds discussed and considered to the chemo-
disinfecting materials are restricted to and selective
for certain organisms. In the soil, for example, there
is a tremendous variety of microorganisms which
may take some of the so-called disinfecting ma-
terials and use them as carbon-energy sources for
growth. Although we worry about microorganisms
disappearing or losing viability in outer space, we
should also consider that certain of these gases
and organic materials may actually induce altered
metabolic systems in the organism. Some of these
phenomena are now coming to light in studies of
terrestrial organisms.Meteorologists and physicists
who are having problems with studying the microbial
ecology of outer space should not become dis-
illusioned or discouraged because biologists are
just beginning to learn a few things about micro-
organisms that we've been living with all our lives.
Dimmick--I have three questions, one out of
ignorance. Is a bacterium at your 30-km height
high enough so that photon pressure can cause this
organism to migrate farther?
Junge -- No.
Dimmick -- The second question is this: If we
want to simulate this condition in the laboratory,
would we need extremely sophisticated equipment?
Junge- No, you would not need sophisticated
environmental conditions.
Dimmick- What pressures are involved?
Goetz- On the other hand the organisms when
airborne seem extremely sensitive to photons. May-
be some photochemical interaction occurs in the
cell even at low temperatures. The hv probably can
do a little bit without the kT. That evidence seems
to be available. The irradiation, of course, also
will be substantial in the ultraviolet at the altitudes
which you describe. It is questionable whether or
not ultraviolet can be more destructive than the
chemical interaction with sulfuric acid and ozone at
the thermal wall of the biosphere.
Junge -- This is right. I didn't mention the
irradiation simply because I found that this is well
discussed in biological papers. I wanted only to
mention those effects which might have been (well, not
in the case of ozone, but in the case of sulfuric acid)
overlooked or unknown to those who are interested
in these problems.
Junge--The pressures involved are on the
order of 10 mb.
Dimmick--Meteorologists talk about milli-
bars and botanists talk about microns inpressure ...
then in millimeters. Yes, that's simple enough.
[Editor's note: 1 bar equals 106 dynes cm -2. Since
1 atm is the pressure of 1.01361 x 106dynes cm -2
one bar is 0.98962 atm. Since 1 atm equals 760 mm
Hg, 1 mb is roughly equivalent to 3/4 mm Hg.]
Junge --I would say it is not particularly dif-
ficult to simulate these conditions, even so far as
radiation and ozone are concerned.
Church--With regard to H2SO 4 or SO 2. Con-
sider the Thiobacillus, for example, that lives quite
well at 1 N sulfuric acid and utilizes the sulfate
Halvorson--lf all you know about these is
their effect on the organism when there is plenty of
water present, it is dangerous to postulate what
toxic agents may do to organisms in the atmos-
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phere.Whenorganismsare completelydehydrated
the effectof theseagentswouldbe quitedifferent
than whentheyarenotdehydrated.I shouldthink
thatwhencompletelydry, a bacterialsporewould
notbebotheredbyozone.
Tsuchiya-Thediscussionuntil nowhasbeen
aboutviable organisms.All discussionsat this
particularconferencehavebeendirectedtowardthegeneralareaof exobiology.Howshouldthe NASA
peoplereasonif theywereto getnon-viableorgan-isms (if theycoulddevelopmethodsfor detecting
organicmatterupthere)?I'm addressingthis not
only to Dr.Junge,but to the entire grouphere.
Junge-Onemicronwassuggestedasa lower
limit for particlesize. This limit wouldshiftper-hapsto half a micron.In the faceof ourpresent
meteorologicalinformation,I wouldsaythat30km
or somethingof that natureshouldprobablybethe
upper limit at whichone candetect terrestrial
microorganismsdeador alive. If onefindssome-
thingbeyondthataltitudeI wouldsayfrom myown
reactionherethat I wouldbesuspicious;it might
haveanotherorigin.
Phillips--Dr. Tsuchiya,I thinkeveryoneofus
expectsthat anywherewe mightfindviablemicro-
organismswewouldfind muchlarger numbersof
thesametypesoforganismsthathavedied,because
weknowthere'sa constantdeathrate for micro-
organisms.Therateis differentfor differenttypes
of organisms,for differenttemperatures,for dif-
ferent relative humidities,but one cannotget a
numberof viableorganismswithoutgettinga con-
siderablylarger numberof non-viableorganisms.
Ourproblemisthataviablemicroorganismcan
becountedeasilybecauseit will multiplyandproduce
quite a lot of matterwithin 24hours;a non-viable
organismis aquestionof ratherinnocuouschemical
material whichweighsabout10-12 g. This poses
quite ananalyticalproblemondetectingnon-viable
organisms.
Tsuchiya--Dr. Phillips, youdo notforeseea
situation,then,whereonewouldgetall non-viable
material,or letusjust sayorganicmaterialwithout
viableorganisms?
Phillips--It is quite likely that one would
probablyin the placesmentioned.I wasaboutto
thoroughlyagreewithDr. Goetz,for example.We're
talkingaboutozone,andsoon-- sometoxicmaterials.
Thesamesourceof energy,namelyradiation,that
causesoxygentogoto ozoneactsdirectlyonorgan-
isms andcauseslethalchemicalchangewithinthe
microorganismsthemselves.Quite likely at those
altitudeso,_ewouldfind uothingbutdeadmaterial.
Thehigheronegoesthehighertheratioof deadto
living cells. Theorganismshavebeeni,1the air
lo,lger,obviously.Thehighertheygetthemorethey
areexposedto radiation,etc.
Tsuchiya-Intermsof exobiology,now,if you
are told that orga,licmatter is onyourprobe,how
are you to interpret thesedata?Is the matter
comingfromourpla,_etor elsewhere?
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Phillips--Oneof thefirst thoughtsis thatthe
organicmattermightbesomekindof air contamin:
ation.But samplescanbeenclosedin thesampler,
canbe broughtbackuncontaminatedby their trip
throughour atmosphere.Unlessprecautionsare
takenagainstcontamination,anyexobiologicalex-
perimentis opento doubt.
MacLeod-- To leave exobiologyjust for a
moment,Dr. Junge,therehavebeensomemissions
to collect particlesin thenoctilucentcloudlayers(whichare approximately80 or 90km) andalso
missionsto collectparticlesin theregionof 160to
170kmaloft.Thereis someevidencethatparticles
may well have beencollectedin both of these
regions.Are thedynamicmechanismsto whichyou
referred earlier, similar mechanisms?Toplimits
wouldbeat 30km. Bytheway,theparticlesare, I
think, in the size rangebetweenapproximately0.1_and1_.
Junge--Mechanismswhich may bring these
otherparticleswayup?
MacLeod--Themethodswhichyouweretalking
about,whichwouldput atopelevationof 30kmfor
terrestrial organismicdistributions.
Junge-No, I think theseotherparticlescol-
lectedat 80kmor160maycomein fromouterspace.
If I understandyourquestioncorrectly,thereis no
upperlimit for thoseparticles.
MacLeod-Youwouldconcludethataccording
to thedynamicmodelsthatyouhavepostulatedhere,
if youdid getorganicmaterialsfrom the70to 170
kmregiontheyshouldbefromoutside?
Junge--It shouldbefrom outerspace,exactly.I estimatedthis 30km limit all aroundasakindof
working figure. It may not be too correctat the
moment,butat least it maygiveroughlytheorder
of magnitude.From my diagramsyoucanseethat
changingthe parametersoverquite arangereally
doesn'taffectthis upperlimit toomuch.Soevenif
youput another10km on top of 30km,thatis, at
40km, in myeyesthis wouldpositivelybeanupperlimit beyondwhichparticlesof 1_ radiuscanprac-
tically not penetrate.I wouldsaythis is a rather
safestatement.
Srinivasan--IthinkDr. Tsuchiyahasa point
thereas far asexobiologyis concerned,becausein
all the samplingequipmentwe have,we just keep
the equipment,track it somewhere,andthenbringit down.We knowthat thereare someanaerobic
terrestrial organismswhichwhenexposedtooxygen
becomenon-viable.In the sameway it is highly
probablethat thetypeof environmentin whichthey
are viablemayalter in suchadrasticwaythatthe
organismsmightlosetheir viabilitybythetimewebringthemdownto theearthandthenanalyzethem.
Brown- I'd liketo bereassuredastowhathe
numbersof thecalculationare.It'sbeenestablished,
I believe,that if we locateorganicmatteratthese
very, veryhighaltitudes,theassumptionis thatthe
matterwasobtainedeither bycontaminationOf the
sampler or from outer space. If some of this
organic matter turns out to be viable, the same
implications are involved. But there is also the
possibility of calculating how long organic matter
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could have existed in that environment and still
remain viable. Aside from the hazards of the
sulfuric acid, and so on, the radiation flux is
probably the most damaging environmental influ-
ence. I assume that the microbiologists know for
dry organisms at high vacuums or moderately high
vacuums, how long to expect these organisms to
remain viable. Do we have a number in units of
time, that says that if there are viable organisms
that are returned from samples taken at 40 or 50
km they could not have been there longer than
8 minutes, 6 years--what is it?
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1017 molecules of ozone. Of course, in a cubic
meter there are about 1018 cubic microns. This
would mean that we'd have about one ozone mole-
cule per cubic micron of space. Our hypothetical
bacterium occupies about one cubic micron. This
would indicate to mg that the chances of an en-
counter between ozone and a bacterium would be
rare and chances of ozone kill of bacteria at that
elevation would therefore seem slight.
Junge- This is a biological question. I have
no idea on that.
Bruch--Dr. Gerald Silverman has a NASA-
sponsored study to determine the resistance of
microorganisms to ultraviolet fluxes under ultra-
high vacuum (10 -9 torr). He has achieved rapid kills
of bacterial and fungal spores on smooth surfaces.
When he started working with millipore filters, he
found that the surface of the millipore filter af-
forded enough protection for some of the organisms
to resist a high ultraviolet flux. The problem that
Mr.MacLeod brought up is a significant one: if there
is any particulate matter in space and if the micro-
organism can attach itself in a way that it is shielded
from this high ultraviolet flux, then that organism
will resist destruction by ultraviolet.
Brown --You mean that sulfuric acid may pro-
tect the organism?
Bruch- Yes, if it absorbs ultraviolet.
Oswald -- Dr. Junge, I believe you gave us some
data that we want. You said 260 _ g of ozone per
cubic meter of space at 25 km. This leads to some
interesting calculations because this would be about
Bruch--I can't address myself completely to
the question of water. I would prefer that Dr.
Halvorson or Dr. Church discuss water relationship
in spores. From my experience with the destruction
of spores, it's very difficult to kill those which are
dry. Others may disagree with me.
MacLeod -- I would like to agree with Dr.Greene
that we face a serious problem in drawing any con-
clusions from the return of organic matter from high
elevations. This is probably THE most serious
problem. Right now we do not have methods suffi-
ciently sensitive to accurately measure material
from this kind of exploration, or methods by which
we can get a large enough sample to answer our
questions. We cannot determine if material is dead
or alive; we cannot determine if we are interpreting
in terms of our own upper altitude, the moon, Mars,
or what, and--extremely important--we do not
know if we are getting false signals from contamina-
tion.
Convenor:C.W.Bruch
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Abstract ,_C_C_,\
Abundance of bacteria in natural environments, as
determined by direct and indirect techniques, is often
implicitly regarded as an estimate of microbial activity
in general. Some recent marine bacteriological studies
are discussed in detail with regard to adequacy of tech-
niques and with regard to possibility of an ecologically
significant interpretation of counts obtained. It is con-
cluded that to obtain statistically significant counts of
any specific metabolic type of bacterium presupposes
knowledge of growth requirements, germination proper-
ties, and extent of clumping and overgrowth. While under
such conditions bacterial counts represent fair estimates
of concentration of these organisms (regardless of their
physiological state), they are not acceptable as an ade-
quate measure of bacterial activity in natural populations.
Counts
and overall activity of the bacterial population has
been realized and discussed from time to time.
The lack of adequate bacteriological techniques to
study natural substrates, however, still is resulting
in the accumulation of data of little significance.
In the atmosphere, the mere abundance of
bacteria is of great interest. No considerable
metabolic activity can be expected. Counts of bac-
teria in water and soil, however, always imply an
estimate of their overall activity. This fact includes
inherent difficulties of technical and biological
nature.
The techniques for counting bacteria in water
consist of a large variety of procedures, which can
be condensed to two main methods: 1)the direct
microscopic observation of dried and stained sam-
ples on slides or membrane filters, and 2) the
indirect means of counting colonies of bacteria on or
New approaches, employing continuous and semi-contin- in solidified agar media after inoculation with the
uous growth systems, are promising more _ _ sample and incubation for a certain period. In the
estimates of bacterial activity in vivo. _]b_ latter technique it is presupposed that each indi-
vidual cell of the sample will develop to a visible
b_/" colony.
Counting of microorganisms certainly is not
a spectacular topic to talk about, at least for micro-
biologists, and yet, considering the universal use of
this technique, it is surprising how rarely its intrin-
sic biological significance has been examined. Judged
from experience of the aquatic microbiologist, the
request to discuss this particular problem at the
present conference seems to be well justified.
In descriptive biology, the abundance of an
organism in a certain habitat is the criterion
generally used to estimate the degree of its adap-
tation to this particular environment. Unfortunately,
this general concept is not applicable in the ecology
of microorgamsms in water, soil, and air. The
various difficulties of relating bacterial counts ob-
tained by classical techniques to the total number
1Contribution No. 1490 from Woods Hole Oceano-
graphic Institution. Supported in part by grant No. 861 of
the National Science Foundation.
The microscopic technique was first used
intensively by Winogradski about 80 ago
[re-edited by Winogradski in 1949 (5)]/ears cul-The
tural technique was first described by Koch in 1881
(3). Koch in his original publication did not suggest
the application of his technique for enumerating
bacteria in mixed or even in natural populations.
He referred to populations of bacteria with uniform
growth requirements where 90 to 100% of the viable
cells actually can be recovered. From general ex-
perience in aquatic environments, only 1.0 to 10% of
the bacteria present can be detected by enumeration
of grown colonies; the percentage varies with the
type of water investigated. Similar figures are
encountered when applying the direct microscopic
technique. Here errors arise from the difficulty of
differentiating bacterial cells from particulate or-
anic matter and the inability to distinguish living
iable) from non-living cells. There is no reason
to believe that the percentage of inactive cells is
constant or usually low.
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From the methodicalpointof view,micro-
organismsdiffer from higherorganismsbasically
by their small size, their ability to form highly
resistantstages,andtheir metabolicversatility.As
a corollaryof theseproperties,(excellentlydealt
with from the ecologicalpointof viewbyvanNiel
andStanier,4) mostbacteriaare ubiquitous,with
the fewexceptionsof pathogenicandhighlyspecial-ized forms. Their presencedoesnotnecessarily
indicateanymetabolicactivity.Ontheotherhand,
onemightnot detectspeciesthat areactivein thehabitat becausetheydo not grow on the media
used.
Theterm "total count"is misleadingas far
as complexnatural populationsare concerned.Countinga specific metabolictype as a partial
populationis not only more accuratefrom the
technicalpointof view,butalsois moreindicative
of thecharacterizationof thehabitat.
It must be kept in mind, of course,that
growthof a specieson a selectivemediumdoes
not indicate thatthe samemetabolicactiontakes
place in the naturalenvironment.Most protein-
decomposingbacteriathatgrowonapeptonemedi-
um,for instance,cangrowat theexpenseof organic
acidsin thenaturalhabitataswell.SomePseudomonas
types are ableto satisfy their energyandcarbon
requirementsbyoxidizinganyoneof approximately
100simpleorganiccompounds.
In general,it must be emphasizedthat the
total activity of the bacterial populationis not
indicatedby the size of a partial population,as
often has beenassumed.In addition,opposing
microbial reactionsin mixedculturescan result
in high numbersof bacteria,but in nodetectable
biochemicalactivity. Theseproblemshaveto be
consideredto get the most realistic informationfrom bacterialcounts.
In Table I, direct and indirect countsare
comparedin differenttypesof water.A medium
containingpeptoneandyeastextractwasusedinall
cultural techniques.A relatively low colonycount "
canbe causedby a low percentageof proteolytic
forms within the microbialpopulationandby the
tendencyof manybacteria to form aggregations
undernaturalconditions.Onecolonycangrowfrom -
a singlecell as well asfroma clumpof hundreds.
Microscopiccountinghas yieldedhigh bacterial
numbersin watersrich in nutrients,buthasyielded
comparativelylownumbersin impoverishedwaters.
A moreelaboratestudywasmadeto collect
informationon the bacterialpopulationof offshore
seawater(2). Five samplesweretakenfrom the
surfaceto a depthof 200metersandprocessedby
six different countingtechniques(TableII). After
filtration of the sampleandtransfertoagarmedi-
um, coloniesweregrownonmembranefilters (MF)(macro colonieson MF, see Table II). By this
technique,only insignificantlymorebacteriawere
foundas comparedwiththeordinaryculturaltech-
nique (platecount).The serial dilutiontechnique("most probablenumber")and the micro-colony
techniquegaveconsiderablyhighercounts.Thelat-ter methodinvolvedcountingof coloniesafter the
first stagesof development(3-6hr of incubationinsteadof the usual48hr). By this meansover-
growthof fast-growingcoloniesoverotherscouldbeobservedandconsidered.Alsoin this technique,
a decreasednutrientconcentrationandlowertem-
peratureof incubationweresupposedtofavorslow-growingmarinebacteria.Thedirect microscopic
counting(directcountson MF) (seeTableII) was
greatly improvedwhentheconcentrateof thesam-ple was transferredfrom the membranefilter to
slides(Cholodnytechnique).
Morestriking thanthenumericaldifferencesbetweendirect andindirect countsis the factthat
apparentlydifferentgroupsof bacteriaarecounted
by eachof thetechniquesused.Particularmorpho-
logicaltypesobservedin themicroscopicprepara-tions couldnot be recoveredonagar plates.For
example,a stalked bacterium(Caulobacter)was
abundantin a sampletakenat 75metersbutdid
not growonanyof the agarplatesinoculatedwith
TableI
IndirectandDirectBacterialCountsin VariousAquaticEnvironments(fromJannasch,I)
River
Rather Highlycon- Eutrophic
clean taminated lake
section section
Sea
Harbor Offshore
sea
Total depth
at station, m 1. 8 2. 1 3. 8 6. 0 1,200
Depth of
sampling, m 0. 5 0. 5 0. 1 3. 7 I. 0 i. 0
Bacteria
as 103/ml
Plate counts 77. 0 826. 0 i. 1 143. 0 6, 820. 0 0. 341
Direct counts 289. 0 II, 230. 0 0. 52 2, 600. 0 83,270. 0 0. 163
Micro-col. 1 i. 7 0 42. 0 i. 3 0. 06 0. 280
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Table II
Ratio of Microbial Counts, Range of Values, & Percentage Error of
5 Different Techniques Compared to Plate Counts*
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Plate Macro- Serial Micro- Direct
counts colonies dilution colonies counts
on MF** on MF** on MF**
Cholodny
techn.
Mean 1 1. 16 21. 8 32.1 147 2,100
Range ... 0. 2-4. 0 0. 3-35 1. 6-34 13-840 108-9, 700
Error, % ... 17.1 19.2 12. 7 8. 5 20. 7
*Counts were obtained from 6 samples (surface, 25, 50, 75, I00, & 200 m) of offshore seawater.
Jannaseh & Jones, 2)
**Membrane filters
(from
the same sample. None of the chemosynthetic and
photosynthetic bacteria developed on most media
used for counting purposes. Little is known about
abundance and quantitative activity of these organ-
isms although their significance to the cycle of
matter is evident. The further elaboration and appli-
cation of counting techniques for characteristic
types of bacteria is more important and more
indicative than "total counts."
The development of new methods in microbial
ecology has also to consider the dynamic aspects of
bacterial growth response to environmental condi-
tions. From this point of view recent experimental
application of continuous and semi-continuous growth
systems seems to be most promising. Still, taking
bacterial counts will be a valuable tool as long as
the results undergo appropriate interpretation.
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Discussion
Phillips--No one can ever get an absolute
total count of any group of mixed microorganisms.
I thoroughly agree.
I do think you picked out some horrible
examples in order to point out the problem, that
is, you chose some of the worst conditions that
one could have selected in getting a total count
in mixed cultures.
Were these samples from various natural
waters? Did you shake them? With a detergent?
For how long?
Jannasch -- We shook the sample with Tween
80 for about 3 to 4 hours on the shaker; still the
clumps did not break up completely. There was a
slight increase in numbers, about twofold, but this
was all.
Phillips- This was your usual technique for
breaking up clumps? It ordinarily works?
Jannasch --Yes, as far as it seemed useful
to us.
Goetz--On this technique that you just de-
scribed, were the cultures still active when the
pictures were taken? [Note added by Jannasch in
proof: Micro-photographs shown during the talk
were taken from (2) and from (1): H. W. Jannasch.
1958. J. Gen. Microbiol. 18: 609-620.J
Jannasch -- You mean the colonies on the
membrane filters? Oh no. They were fixed with
formalin and stained.
Goetz -- About 15 years ago, when at Caltech
we developed (A, B, C, D) the membrane filters
and their microbiological applications for the Chem-
ical Corps in close collaboration with Dr. Phillips,
we came across a technique by which one can ob-
serve the growth of organisms microscopically with-
out interfering with their activity.
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Jannasch -This  can be done on several  sur -  
faces such as membrane fi l ters,  agar films, and on 
other solid media. 
Goetz - I  brought along two slides from that 
period because the indications a re  similar to yours 
and support the views which have been presented. 
The technique we developed consisted of pro- 
ducing black membranes with a particularly smooth 
surface in order  to minimize diffuse light scattering 
under the microscope by reflected low-angle dark- 
field illumination [(mirror -condenser -Ultropak sys - 
tem) Leitz]. The bacteria and other particles re -  
tained by filtration of air  o r  water on the membrane 
surface become visible as discrete scattering ob- 
jects even under relatively low magnification. When 
the membrane was contacted from below with a 
nutrient while under the microscope (with somewhat 
elaborate precautions to maintain constant temper- 
ature and humidity levels), the growth and subse- 
quent colony formation of the live particles changed 
their scattering pattern while that of the neutral 
particles remained the same. 
In Figure A is  illustrated this growth process 
at exactly the same site (ca. 4 x cm ) of a 2 
membrane culture ( E ,  coli) after 4, 6, and 7 hours 
incubation at 37 C with about 50 x linear magnifi- 
cation. 
In Figure B a r e  shown the same photos as 
superimposed pairs of the 4 to 6 hours (left) and 
the 6 to 7 hours (right) cultures. A s  they result in 
a perfect f i t ,  one can follow the growth pattern of 
almost every colony. As an example, the “giant” 
complex at the lower right in 2 hours extended i ts  
a rea  about 14-fold (3 x lom5 - 4.6 x cm’); in 
the next hour it expanded but two times. The smaller 
grow accordingly faster at the later stage. The 
tendency of adjacent small  complexes to coalesce 
into larger units i s  quite obvious as  well. 
Jannasch-Are you sure  there a re  micro- 
organisms in there, that there is growth? 
Goetz - From the optical viewpoint this sys- 
tem has the advantage of being much less limited in 
resolving power than the customary optics, and the 
biological preference for this type of dark field over 
that of transmitted illumination is due to the fact 
that the organisms do not have to absorb, but only to 
reflect o r  scatter the illuminating radiation for pro- 
ducing the optical signal, namely, their image. 
Fig. A. Photomicrographs of the same F. coli colonies after 4, 6, and 7 hr incubation ( left Lo right ) on a black mem- 
2 brane filter with reflected dark-field illumination. Field area 4 x cm ca. 50 x linear magnification. 
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Jannasch - How big were these round, colony- 
like structures on the filter? 
Goetz -The largest colonies were about 0.03 
cm = 300~ in diameter. I’d like to mention also that 
at that time our group developed the instrumen- 
tation for applying this principal method by micro- 
photometric recording at 20 to 30 minute intervals 
against magnetic memories to the point that a dis- 
tinct discrimination between growing and neutral 
particles was possible after the first  40 to 60 min- 
utes of incubation. 
Jannasch-Did you transfer them to other 
media? 
Goetz -No transfers were made. In our case 
he wanted only to see which of the particles would 
grow; we wanted to get as  early a growth signal as 
was possible. 
Greene - One of the frustrations that one faces 
when he has a small, but valuable sample is the 
question of priority. Is he going to examine the 
sample microscopically first ,  o r  is he going to as- 
certain viable count? He will be criticized in either 
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case. If he examines q.icroseopically before he 
plates, someone will otject  that he contaminated 
the sample. If he plates first, someone will object 
that he missed a chance to look for organisms that 
wouldn’t grow under his specific cultural conditions. 
We must realize that sometimes the sample 
we have is the only one we a r e  going to get. The 
count may be only one per milliliter, and we only 
have a few milliliters. We cannot really divide the 
sample and run multiple tests on it. What priority 
do we give to the available methods of examination? 
And further, what medium shall we use if we have 
the choice of only one. When the count is extremely 
low, we may t ry  to concentrate the viable material 
by membrane filtration. So the whole Nsample” is 
on one filter. We cannot have the luxury of plating 
in a variety of ways. And if we make the Nwrong” 
choice -we have no chance to repeat. 
I suggest that this is one of the serious 
frustrations for which we stand in great need of 
consultation and help. Until we find the universal 
medium, until we find the ideal method for enumera- 
tion and examination, we’re not going to satisfy 
everybody. Well, let’s just face the fact that with 
our present knowledge we a r e  doing a s  well a s  we 
possibly can. 
Fig. B. Superposition of photos in Fig. A: growth pattern (left) after 4 and 6 h r ,  same ( r igh t )  after 6 and 7 hr .  
132 CONFERENCEONATMOSPHERICBIOLOGY
Literature Citations
A. GOETZ, A. 1953. J. APHA 43: 150-160.
B. GOETZ, A. 1955. Am. Ind. Hyg. Assoc. Qrtly. 16: 113-119.
C. GOETZ, A., et al. 1950. Molecular Filters. Aerosol Symposium III, Chemical Corps
Teehnl. Command. Pp. 77-124.
D. GOETZ, A, et al. 1951. Early Detection of Bacterial Growth. Final Report (Contract No.
W-18-064-CM-207), U. S. Army Chemical Corps, Camp Detrick, Md.
Convenor:A.H.Brown
Atmospheric Particulate
William S. Benninghoff
Department of Botany
The University of Michigan
Matter of Plant Origin
N65-23992
Abstract _._C_!
Studies of transport of pollen, spores, and other
microscopic particulates of plant origin in atmosphere
near earth's surface provide indications of potential
transport of organic particulates to higher levels under
various circumstances. For convenience, particulates of
plant origin are grouped in following categorieS:
1; Small, light-weight propagules (spores, pollen
grains, near-microscopic seeds)
2. Single- or few-celled plant bodies or fragments
(bacteria, single-celled algae, fragments of fungal
mycelia)
3. Deciduous tissue parts from plant surfaces (hairs,
scales, resinous particles from macroscopic ter-
restrial plants)
4. Fragments of vegetable humus (material of plant
origin degraded biologically or autolytically so
that characters for determining origin are ob-
scured)
Different kinds of particles in categories 1 and 2 remain
viable in the lowest level of atmosphere for widely dif-
ferent time periods, from a few hours to more than a
year. Both living and non-living particles are possible
agglomeration nuclei or in some instances substrates
for smaller parasitic or saprophytic organisms.
Plant origin particulates can be recovered from
atmosphere near ground by static samplers, dynamic
samplers, and devices for entrapping rain washout.
Results of static sampling to obtain pollen spectra of
modern vegetation are discussed.
Phytogeographical studies of seed and spore dis-
persal provide indications of transport distances. Geo-
graphic distributions of source plants for given kinds
of particulates and distributions of different vegetation
types determine patterns of sources from which air
movements transport plant particulates. Source patterns
are complex in detail because of habitat differences, and
these patterns vary with seasons and with shorter term
weather sequences.
From r_y experience in sampling airborne
pollen and spores and other parts of plants in con-
nection with studies of microfossils in sediments
there occur to me certain comments and questions
that seem pertinent to the mission of this confer-
ence, specifically, the following questions: 1)What
is the potential yield of plant particulates to the
atmosphere? 2) What particles are living? 3)Which
particulates are propagules? 4) What conditions are
limiting to particulate viability? 5) What conditions
would permit the germination and establishment of
viable particulates? 6)Finally, what nonliving ma-
terials might be significant as potential substrates
for organisms, and under what conditions?
My remarks within the framework of these
questions are limited to plant materials exclusive
of bacteria and viruses. I plan to discuss briefly the
varieties of vegetable matter particulates, remark
about sampling that I have done, and finally, con-
sider the geography of plant particulate yield.
Although there is considerable literature about
the occurrences of organic particulate matter in
the atmosphere, only bacteria, fungal spores, and
spores and pollen of higher plants have been quan-
titatively sampled and systematically identified.
Sampling has been confined to relatively few local-
ities and short periods of time, with several notable
exceptions; nearly all sampling has been in the
lowest levels of the atmosphere. Obviously much
remains to be done to diversify the sampling sta-
tions geographically and altitudinally, to improve
sampling techniques, and to identify more of the
entities recovered, if we are to obtain records
approaching a census of airborne particles ade-
quate for needs such as those that led to convening
this conference.
In this paper the kinds of particulate matter
of plant origin that can be potentially contributed
to the atmosphere are grouped in an expedient
classification, described in general terms, and
evaluated with respect to occurrence and viability
above the lowest levels of the atmosphere. Some
recent experiences with sampling for pollen and
spores in the atmosphere near the ground are dis-
cussed because selected results may provide guid-
ance for upper atmospheric investigations. Finally,
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the sources of plant particulate matter are surveyed
from the phytogeographical and ecological viewpoints
in an attempt to appraise the geography of vegetation
contributing to the atmospheric load and potenti-
alities for contamination of objects passing through
the earth's atmosphere.
Categories of Particulates of Plant Origin
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B. SINGLE- OR FEW-CELLED PLANT ".
BODIES OR FRAGMENTS (BACTERIA, ALGAE,
FUNGAL MYCELIA, MOSS PROTONEMATA, AND
LICHEN FRAGMENTS). I shall not consider bac-
teria here, but I cannot resist the comment that.
chemosynthetic bacteria deserve more investiga-
tion than they have been receiving. The iron or
sulfur bacteria might well be capable of living in
certain extraterrestrial habitats if water were
available. Attempts to identify these organisms
in air samples would probably encounter serious
problems.
A. SMALL, LIGHT-WEIGHT PROPAGULES
(SPORES, POLLEN GRAINS, AND DUST -SIZE
SEEDS AND FRUITS). These particles are produced
by plants for dispersal and propagation. Pollen
grains are structures enclosing male gametophytes
of a seed plant. Each grain is capable only of
"fertilizing" an ovulate element of a flower of the
same species. The several-celled gametophyte within
the pollen grain remains alive for a few hours or a
few days, succumbing more quickly under humid
conditions. Spores are produced by the cryptogamic,
or non-seed plants, including fungi, algae, mosses,
and ferns. In the usage employed here, a spore is
a propagule. The spores of most fungi are from 3 to
15 _ in maximum dimensions, although some are in
aggregates that are considerably larger, with wide
varieties of shapes and ornamentations. Moss (bryo-
phyte) spores are for the most part between 6 and
30 _, with or without a trilete scar, and with or
without ornamentation of the surface. Fern spores
are generally still larger, from 20 to 60 _, marked
by either a single straight scar (sulcus) or a trilete
scar, and enclosed in a more or less obvious
perispore layer that is ornamented differently in
different genera and species. Many fungal spores
are capable of retaining their viability for periods
of some years under relatively extreme conditions
of cold and dryness. Moss spores and fern spores
remain viable for shorter periods as a general
rule, and their tolerances of temperature and
moisture conditions are probably narrower. Air-
borne spores of algae are mostly resistant cysts
or "resting spores" in the size range of fungal
spores. The term of their viability in absence of
water and of other conditions for germination seems
to be little known.
Seeds are propagules of flowering plants. A
seed consists of an embryo resulting from the union
of a male gamete (carried by a pollen grain)and
an egg cell in a pistil-bearing flower, some stored
food, and several protective integuments. A fruit
consists of one or more seeds enclosed in more or
less modified flower parts• Dust-size fruits are
uncommon; small fruits equipped with hairs or other
appendages that increase the surface area are easily
carried by moving air. For convenience, the term
seed will be used to cover both fruits and seeds.
Seeds of most plants require special conditions of
moisture, temperature, and in some cases light, for
germination; the resulting seedlings have narrow
tolerances of habitat conditions. Consequently the
danger of extraterrestrial contamination by seeds
is small. On the other hand, seeds may carry fungal
mycelia, bacteria, or viruses that could be of
concern.
Single-celled algae in a resistant "resting"
phase, fragments of filamentous forms, and frag-
ments of more massive colonial algae are carried
in a dry state by wind to different sites where they
resume active growth when moisture, temperature,
and light conditions are suitable. The protonemata
that develop from germinating moss spores super-
ficially resemble filamentous algae, and could con-
ceivably be transported in a similar manner. The
protonemata of some species, at least, might be
expected to have no more exacting requirements
for growth than the widely distributed terrestrial
algae. Mycelia, the microscopic threads that make
up the vegetative body of a fungus, are frequently
found in air samples, but cannot be identified even
to family or genus unless they can be cultured to
the point of forming characteristic fruiting bodies.
The viability of different mycelia while outside
growth-permitting environments is poorly known,
but it is likely that they are less resistant to envi-
ronment stresses than are spores. Under certain
conditions, undoubtedly, mycelial fragments are
capable of propagation. Lichens, which are symbiotic
aggregations of a (usually ascomycete) fungus and
an alga (usually green), become brittle when dry so
that fragments are readily broken from the plant
bodies. Portions of the lichen thallus can survive
drying for years and can re-form the character-
istic whole plant body when growth is resumed.
C. DECIDUOUS TISSUES AND SECRETIONS
FROM PLANT SURFACES (HAIRS, SCALES, RES-
INOUS AND WAXY PARTICLES, AND LEAF
FRAGMENTS FROM MACROSCOPIC TERRESTRI-
AL PLANTS). The significance of these particles is
that, at sizes of more than 1 or 2 _, they could
conceivably form nuclei for the agglomeration of
bacteria or spores of smaller size, and as organic
matter they are potential substrates for saprophytic
bacteria and fungi. Hairs, scales, and the general
cuticle that covers the aerial portion of a vascular
land plant are composed largely of a waxlike ma-
terial called cutin, which in turn is usually covered
with one or more waxes. These substances are
mixtures of free hydroxy fatty acids with their
wax and soap condensation products. They are
more resistant to decomposition by fungi and bac-
teria than are proteins and carbohydrates, but are
attacked in time under aerobic conditions in the
presence of water. Some plants secrete minute
globules of waxes and resins on their surfaces.
and many release hydrocarbon vapors. Went (29/
has developed evidence that summer haze consists
of peroxides and ozonides of these hydrocarbons
formed under influence of sunlight in the presence
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0f nitrogen oxides. Initially the particles are of
sub-micron size, and they agglomerate to form
increasingly larger particles. Finally they become
stable, bitumin-like particles several microns in
" diameter and settle out of the atmosphere. Volatile
hydrocarbons from vegetation might be one source
of haze particles of the kind Dr. Goetz describes
in his paper for this Atmospheric Biology Con-
ference.
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provide information of significance to the problems
of atmospheric particulates that concern us in
this conference. Dr. Gregory has provided a com-
plete survey of both static and dynamic sampling
techniques in his book (15), but I can add here some
comments based on experiences in attempting to
relate atmospheric loads to existing vegetation and
to recent sediments.
Woody plants produce corky bark on the
larger portions of the main axes. Walls of cork
cells contain suberin, a substance that is somewhat
like cutin in its composition and properties, and is
similarly resistant to degradation by bacteria and
fungi. Cork cells, singly and in small fragments of
tissue, are found in samples of atmospheric par-
ticles near the ground level almost as commonly
as plant hairs and other bits of cuticularized
material. Bending of stems in wind probably re-
leases bark and other dead surface tissue fragments
to the air.
Common approaches to problems of con-
temporary sedimentation from the atmosphere for
paleoecological purposes include sampling the most
recent sediments of lakes (11,21,5) or stock tanks
(16) and sampling organic debris lodged in the mesh
of moss or lichen mats (9,22,2,17). Moss (bryophyte)
polsters in bogs and in forests on moist sites pro-
vide humid acidic lodgment places for pollen and
spores, which decay slowly or not at all under
those conditions, so that assemblages, representing
several years to several decades of sedimentation,
accumulate.
It is possible that some of the particles in
this category, especially in size ranges small
enough to have a large proportion of reactive sur-
face, undergo changes in chemical structure to
form particles resembling those described in the
following category.
D. FRAGMENTS OF VEGETABLE HUMUS
(PLANT ORGANIC MATTER THAT HAS BEEN
DEGRADED TO THE POINT THAT ITS ORIGINAL
MORPHOLOGICAL FEATURES ARE NO LONGER
DISTINCT). In samples of atmospheric particulates
we often find a considerable proportion of material
that can be described only as amorphous vegetable
humus. It is orange-brown to amber colored depend-
ing upon the thickness of the particle and the amount
of light transmitted. It is firm and can be attacked
by only strong oxidizing or hydrolyzing agents such
as nascent chlorine, a hypochlorite, concentrated
sulfuric acid, or strong mineral hydroxide. It will
burn or char; in many of its properties it resembles
the matrix of lignite or low grade bituminous coal.
This highly degraded vegetable humus could con-
ceivably be transported by wind or water, deposited,
re-transported, and re-deposited several times
before falling into the situation in which sunlight
and weathering or biological agents finally break
it down.
Static Sampling of Sediments from Atmosphere
Palynologists who investigate fossil assem-
blages of pollen and spores from the relatively
recent geologic past inquire empirically into modern
sedimentation of those particles from the atmos-
phere in order to make better interpretations of
vegetation and environmental conditions on the
basis of microfossil assemblages. Reconstructing
past conditions by applying knowledge of present
organism-environment relationships is the basic
principle of paleoecology. Some of the techniques
used for sampling modern pollen and spore "rain"
I used moss polsters in a study of variation in
pollen rain in different plant communities on one
bog about ten miles southeast of the Straits of
Mackinac in Michigan (2). Variation of pollen spectra
was considerable from one community to another,
but the variability was attributable primarily to
yields from shrub and herb layer species rather
than to tree species. Short distance transport was
evident, however, even for low-stature and entomo-
philous (insect pollinated) species so that the pollen
and spore sediment represented the enclosing plant
community in only a general way. A relatively
constant background in the spectra consisted of
pine, oak, beech, hemlock, and maple tree pollen
along with pollen of the grass family and the com-
posite family; these were considered part of a
regio,a! pollen rain. Genera such as spruce, birch,
and balsam fir were present in this regional com-
ponent, but they showed fluctuations attributable to
proximity of stands on or bordering the bog. Sedge
family, heath family, and arbor vitae pollen were
reliable indicators of stands close to the site of
deposition. Larch tree and cat-tail pollen, and
marsh fern and sphagnum spores, were less reliable
indicators of presence of those plants in the imme-
diate vicinity. As in similar investigations, this
study demonstrated a complex spatial pattern of
atmospheric sedimentation. Different times of pollen
or spore production by different species coupled
with variations in surface winds are primarily
responsible for the complexities of these patterns.
Natural collecting surfaces such as moss
polsters are not suitable for short term sampling,
they are far from uniform in their collecting and
preserving properties, and they often are not grow-
ing where sampling is required.
In an effort to find a device that would simu-
late the moss polster as a collecting surface,
Mrs. Darlene E. Southworth and I made trials with
petri dishes of glass beads coated with different
adhesive substances (Fig. 1). The increased and
irregular surface was more efficient than were
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flat glass slides for at least the smaller sizes of
pollen grains, but the dishes required protection
from rain. A rain shield would prevent collection
of material washed out of the air by rain (cf. 13)
and would interfere with direct fall of particles in
dry weather. Dr. Estella B. Leopold of the U.S.
C-eological Survey is testing the standard Weather
Bureau rain gauge as a collector of pollen sediment-
ing from the atmosphere. The rain gauge would be
expected to be suitable for collecting rain washout
pollen, but its efficiency for collecting from dry air
during windy periods is still questionable.
An adhesive coated mesh sphere seemed to
me potentially useful, because moving air and
falling rain could enter and would lose velocity,
increasing the probability that both heavier and
lighter pollen grains would impinge or sediment
upon sticky surfaces of the mesh. It would also
simulate inexpensively the fine permeable mesh
of vegetational surfaces such as that of moss
colonies. The Tuffy plastic mesh scouring pad
manufactured by General Foods appeared on the
market about this time, so we ran several tests
in the summer of 1961, with results that indicated
collecting efficiency greater than that of petri
dishes of adhesive coated glass beads and retention
of pollen during, if not from, falling rain (Fig. 1).
The mesh spheres were coated by dipping in melted
glycerine jelly or silicone oil. They were then
drained before being individually packaged in glass-
ine bags and left until exposure at the collection
site. After 7 days exposure in warm sunny weather
or freezing weather, glycerine jelly had lost some
of its adhesive property, but particles once caught
seemed to remain attached. Silicone oil gradually
drained off until, after 1 week, only a thin film
remained; yet the collecting efficiency compared
favorably with that of glycerine jelly. At the end
of the exposure period, the spheres were again
sealed in clean glassine bags and returned to the
laboratory, where the adhesive and trapped particles
were washed free of the mesh. The glycerine jelly
was washed off in boiling water; the silicone oil, in
boiling benzene. Following this extraction, the sus-
pensions were centrifuged, washed, and then pre-
pared as desired for identification and counting
under the microscope. For inspection of the total
collection with minimal treatment, a 2% aqueous
solution of trisodium phosphate deflocculated the
sediment and restored pollen, spores, and bits of
tissues to a turgid, expanded state (1).
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obtained by Potzger and Wilson (23) on the tree
pollen alone. Sediments of the uppermost 3 ft are
believed to contain the records since clearing for
agriculture about the middle of the last century, but
the pollen record is difficult to interpret. Therefore "
we undertook collection of modern pollen rain from
April to November in order to have comparative
1
information from the present landscape. By using
mesh spheres and rain gauges in parallel as sam-
plers we accumulated information on the modern
pollen rain as well as information that will allow
evaluation of the relative efficiencies of these two
devices under various conditions of rain, freezing,
and wind. Third Sister Lake is within the University
of Michigan Saginaw Forest, an experimental forest
of 66 acres upon which detailed records of plantings
and other management practices have been kept for
60 years.
We established the following program of sam-
pling, with two stations, one at each end of the lake
(approx. 350 meters apart, Fig. 2) as follows:
A. Weekly records of plant species in anthesis
throughout the forest property.
B. Weekly samples from:
1. Station at east end of lake
a. Rain gauge
b. Mesh sphere coated with glycerine
jelly
c. Mesh sphere coated with silicone oil
2. Station at west end of lake
a. Rain gauge
b. Mesh sphere coated with glycerine
jelly
c. Mesh sphere coated with silicone oil
C° Monthly samples of lake water from sur-
face 2 cm and from 100 cm depth (15 July,
15 August, 15 September, 15 October):
1. East of center
2. Center
3. West of center
We believe that glycerine jelly is superior to
silicone oil as an adhesive, but that some glycerine
jelly is washed off by long and hard rains. To retain
dislodged pollen and a greater proportion of the
rain washout fraction we propose to mount a cone
of filter paper on the underside of the mesh sphere.
In summary, coated mesh spheres offer some
advantages over previously employed static sam-
plers and are potentially useful devices for recon-
naissance surveys.
D. Monthly samples of lake water from sur-
face 2 cm and samples of bottom floc-
culent sediment (at c. 30 cm water depth)
(15 July, 15 August, 15 September, 15 Oc-
tober):
1. 15 Meters offshore from east end
2. 15 Meters offshore from west end
Mrs. Southworth and I restudied the fossil
pollen in a long core from Third Sister Lake on the
southwest side of Ann Arbor to amplify the results
1This study was assisted by a grant fromthe Horace
H. Rackham School of Graduate Studies of the University
of Michigan.
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Fig. 1 (left). Trial devices for static sampling of airborne pollen and spores. Petri dishes with glass beads (two 
dishes shown here) contained glycerine, glycerine jelly, silicone oil 1,000 centistokes viscosity, silicone oil 12,000 centi- 
stokes viscosity, silicone oil 12,000 centistokes viscosity, and Tanglefoot. Suspended above are two Tuffy plastic mesh 
scouring pads: left, coated with glycerine jelly, right,  coated with 12,000 centistokes silicone oil. August 1961. 
West station for static sampling airborne pollen and spores at Third Sister Lake. Two Tuffy mesh 
sphere samplers can be seen above and to the left of standard rain gauge. August 1962. 
Fig. 2 (right). 
Of the 220 samples collected for pollen analysis, 
nearly half have been prepared and analyzed. In 
Table I are shown, mesh-sphere and rain-gauge 
sample results for the week of May 30 to June 5, 
1963. Only the sums a re  shown for non-arboreal 
pollen counts. The variance in numbers of pollen in 
each category is more than we had expected, but 
hopefully it will be instructive with regard to the 
relative efficiencies of the three kinds of samplers, 
relative concentrations and dispersal differences 
of various pollen entities, and influences of weather 
and site conditions on sedimentation from the at- 
mosphere. Pollen statistics from the suspended 
sediment and bottom sediment collections on the 
lake are expected to aid in elucidating the sedimen- 
tation process in the water. Publication of the com- 
plete results is probably 2 years away. 
The point here is that in the lowest levels of 
the atmosphere there is an intricate and Protean 
mosaic of pollen and spore populations, at least 
during the flowering season. Other organic par- 
ticulate matter of the kinds described above un- 
doubtedly occur in similarly complex and changing 
patterns. 
The Euca lyp tus  pollen (Table I) was added as 
0.4 ml of a standardized suspension in glycerine to 
all  of the samples, in order  to provide a propor- 
tional volume measurement in the counting process 
(3). We had determined by means of hemacytometer 
counts that the stock suspension contained 272,000 
Eucalyptus  grains per milliliter f 300/0, so  the 0.4 
ml added 108,800 f 30% to each sample. The vari- 
ance in the Eucalyptus  counts was high because of 
clumping of the small grains and poor pipetting 
methods. We subsequently improved the pipetting 
methods and changed to the larger pollen of C y c a s  
which does not clump, so  that we now have a stock 
sus  ension containing 127,500 grains per milliliter 
f 5#. This additive technique has proved useful 
in determining through the microscope count what 
aliquot of the total sample has been inspected, 
and it also has provided a means for comparing 
the total pollen and spore populations of different 
samples. 
Although our air sampling study at  Third 
Sister Lake was designed to comprehend the part 
of the year when local plant species were in anthe- 
s i s ,  Mrs. Southworth and I took some samples of 
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Table I.
Pollen collections at Third Sister Lake, Ann Arbor, Michigan *
Si oil
mesh sphere
No.** %AP _ P
West station
glyc jelly Si oil
mesh sphere Rain gauge mesh sphere
No. %_ %P No. %_ %P No. %_ _P
Picea 0 3 2.1 i.I 3 2.9 0.5 0
Pinas 9 28.1 5.6 12 8.3 4.4 14 13.5 2.5 61
Salix I 3.1 0.6 4 2.8 1.5 i I.O 0.2 4
Quercus i0 31.3 6.2 67 46.2 24.5 48 46.2 8.7 94
Fagus 0 2 1.4 0.7 2 1.9 0.4 2
Carya 2 6.3 1.2 2 1.4 0.7 3 2.9 0.5 16
Juglans 7 21.9 4.3 2 1.4 0.7 8 7.7 1.4 15
Acer
saccharum 0 1t 7.6 4.0 7 6.7 1.3
ginnala 2 6.3 1.2 0 12 11.5 2.2
rubrum I 3.1 0.6 i 0.7 0.4 I 1.0 0.2
negundo 0 0 0
Fraxinas 0 7 4.8 2.6 0
Betula 0 14 9.7 5.1 5 4.8 0.9
Carp /Ostrya 0 0 0
Populus 0 4 2.8 1.5 0
Ulmus 0 16 Ii.0 5.9 0
East station
glyc jelly
mesh sphere Rain gau_e
No. %AP %P No. %AP %P
i O.5 0.2 o
31.o 12.1 21 10.2 4.2 13 12.4 2.5
2.0 0.8 3 1.5 0.6 18 17.I 3.5
47.7 18.6 129 62.9 25.9 41 39.0 7.9
i.o 0.4 i 0.5 0.2 6 5.7 1.2
8.1 3.2 6 2.9 1.2 Ii lO.5 2.1
7.6 3.0 7 3.4 1.4 8 7.6 1.5
0 7 3._ i._ 0
0 6 2.9 1.2 0
0 2 1.2 0.4 0
0 I 0.5 0.2 0
0 5 2.4 1.0 0
5 2.5 1.0 9 4.4 1.8 7
0 0 0
0 1 O.5 O.2 0
0 6 2.9 1.2 1
YAP 32 I00.i 19.8 145 100.2 53.1 104 100.1 18.8 197 99.9 39.1 205 99.9 41.1 105 i00.0 20.3
_NAP 130 406.3 80.2 128 88.4 46.9 449 431.7 81.4 308 156.2 61.0 293 142.9 58.7 412 39.4 79.8
_p 162 506.3 I00.0 273 188.4 i00.0 553 531.7 100.2 505 256.1 100.1 498 242.9 99.8 517 492.4 100.0
Eucalyptus 500 1562.5 308.6 500 344.8 183.2 500 480.1 90.4 500 253.8 99.0 500 243.9 100.4 500 476.2 96.7
* May 30-June 5, 1962. Non-arboreal pollen entities represented here only by the sum (ZNAP) for each sample.
Extracted from unpublished data of Benninghoff and Southworth.
** No. is number of grains per 500 added Eucalyptus grains. Eucalyptus count is not included in total pollen
count (_P). %AP is percentage of total arboreal pollen count. % P is percentage of total pollen count.
snow 5 February 1962, the day after a winter
storm, out of curiosity about the possibility of
pollen being deposited with the snow. Two samples
of fresh snow were taken on the ice of Third Sister
Lake and one sample in a woods 3 miles to the
northeast. The richer sample from the lake con-
tained approximately 1,000 grains per liter of water
equivalent, with elm, hickory, pine, oak, cat-tail,
and grass pollen predominating. The woods sample
contained only about a third the density of grains
and a considerably poorer representation of non-
arboreal pollen grains. Pollen in snow from the
lake ice surface must have been dislodged from
tree, shrub, and dead herb surfaces and blown onto
the lake along with snow particles; perhaps the snow
exerted some scouring effect. We have thought of
the possibility that some of the pollen that is filtered
out by forest stands during the period of anthesis
(cf. 12) have actually lodged on leaves, twigs, and
bark, only to be carried to the forest floor by rain-
wash, leaf fall, and snow scour at later times. We
need definitive surveys to confirm these ideas, but
the suggestions are evident that although vegetation,
especially shrub and forest stands, act as barriers
to horizontal transport and as sedimentation traps,
they may also act as sources from which once
sedimented pollen and spores can be re-launched
into the atmosphere.
These observations on pollen and spores in
temperate latitude snow contrast markedly with
observations of polar region snow and glacier ice.
For example, L.H. Nobles, H.C. Robbins, and I
carefully excavated approximately 1/4m3- of old
glacier ice 4 miles out on the Greenland Ice Cap
northeast of Thule in 1953 in a search for pollen and
spores. By melting, decanting, and finally centri-
fuging we recovered a minute quantity of sediment
-- mostly fibers from our clothing, some appendages
of tiny arthropods, a few fragments of mycelial
and algal filaments, and two spores believed to be
from fungi. 1
Phytogeographical and Ecological
Considerations
Gregory (15, pp. 181-193) treats the general
subject of long distance dispersal of diaspores,
with particular emphasis on phytopathogenic fungi,
but including evidence such as the interesting record
of revegetation of the island of Krakatoa following
the sterilizing eruption of 1883. We need more
sampling of the atmosphere and more criticaldeter-
minations of collections, of course, but it may be
of some use to consider a few aspects of the geog-
raphy of plant groups that produce airborne particles
1These and other observations were made in Green-
land by the author while he was assigned by the U. S.
Geological Survey as Botanist to the U.S. Army Project
Ice Cap in 1953.
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of potential concern in the space vehicle micro-
biology problem. The point to be made here is that
knowledge of the occurrence and relative density
of the various plants that yield particles to the
atmosphere will permit quantitative prediction of
atmospheric loads for given areas and interpreta-
tion of travel distances for identifiable materials
caught in air samples (cf. 28, 24).
Seeds of vascular plants I think are generally
of less concern as possible contaminants, because
of the relatively exacting ecological requirements
for germination and growth. But as Ridley (25,
Chap. I, Dispersal by Wind) has demonstrated so
vividly, dust seeds and plumed and winged seeds
are transported both horizontally and vertically for
distances approaching those of the larger spores
and pollen grains, and all of these organic materials
can serve as nucleus particles for transport of
diaspores of potential concern, and all are potential
substrates for growth of saprophytic organisms.
Seeds of orchids are outstanding examples of the
dust size group, yet most orchids have highly
restricted ranges both geographically and ecologi-
cally. The seeds germinate and the protocorm suc-
ceeds in growing only under very special conditions
(cf. 27), so they are not likely to be troublesome
contaminants. Epilobiumangusti_olium, the fireweed of
boreal regions, has a small plumed seed that can be
borne by the lightest breeze. The plant appears in
crowded colonies over thousands of acres of newly
burned conifer forest land within one or two years,
and the species is circumboreal, extending from
the southern part of the Arctic down to the middle
latitudes. Nevertheless the plant occurs only in a
selected group of habitats throughout this great
range. I have watched concentrations of airborne
fireweed seeds settle out in forest, shrub, and
grass stands just as we know microscopic par-
ticles to do, and I have seen the air completely
scavenged of the seeds by a rain shower of only a
few minutes duration. These plumed seeds that are
so easily observed might be useful models for
studies of air transport and sedimentation if we
were to watch them carefully.
Plant geographers are by no means unaware
of the power of atmospheric transport of diaspores,
and call upon this device whenever other hypotheses
fail to explain puzzling disjunctions of range. The
greater proportion of fern species in the floras of
isolated oceanic islands has been ascribed to the
combined facts of the likelihood of atmospheric
transport of the diaspores (20-80 _, for the greater
part of the species) and moist equable climates that
favor germination, growth of the gametophyte, sexual
reproduction, and growth of the sporophyte (30).
Aside from interest here in pollen as organic
substrate material and as nuclei for smaller dia-
spores, records of pollen in air samples are useful
because most kinds can be identified to family,
many to genus, and some even to species. Thus
they can be traced back to source plant colonies
and to specific time periods of anthesis.
Seeds, pollen grains, spores, and even larger
plant fragments can be transported in small or
large numbers over very great distances by un-
commonly strong winds and by being carried to
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great heights by updrafts in violent storms. In early
June, 1951, I observed the effects of an unusual
shower of Sitka spruce pollen alongthe Pacific Coast
from Ketchikan to Juneau, Alaska. Flying northover
the Inside Passage route at about 8,000 ft in clear
sunny weather, I could see great yellow patches and
swirl patterns at the mouth of every stream. At
Juneau I inspected the waters of bays and estuaries,
and found that Sitka spruce pollen occurred in con-
tinuous patches 1 to 3 mm in thickness over areas
as large as a quarter of a square mile. I was told
that rain and wind dispersed the pollen masses on
the water several days later.
A different aspect of the geography of vascular
plants that could have significance is that of regional
differences in the incidence of certain morphologic
features, which have rather general but nonetheless
valid correlations with vegetation formations and
regional climates. For example, plants bearing
copious hairs, epidermal scales, and waxy atoms
on their surface are more common in arid regions
(deserts, grasslands, or savannas)than elsewhere.
Forest vegetation yields few dust seeds to the
atmosphere, trees produce generally larger and
heavier fruits and protect the small herb seeds
from being carried into the atmosphere. Broad-
leaved forests yield fragments of leaves, and,
especially while they are leafless, bits of cuticle,
bark, and (in spring) hairs from buds and young
leaves. Broad-leaved and needle-leaved evergreen
forests yield similar particulates in lesser quan-
tities, but conifer forests are often infected with
needle-rusts that produce large numbers of small
diaspores. Therefore, it might be possible to assess
different land areas of the world with respect to
characteristic potential production of particulate
matter, including the several categories of particles
enumerated above. Where the landscape is intricately
patterned, as in areas of high relief or in agri-
cultural areas, the problem would be complicated,
but there would also be greater numbers of char-
acteristic particulates to draw upon.
Gregory (15) has presented a thorough survey
of the geography and atmospheric transport of
fungus spores, but with emphasis on the phytopath-
ogenic forms. The geography of the fleshy fungi, the
larger-fruited forms of the Ascomycetes and Basid-
iomycetes, deserve some attention also. Few works
treat the general geography of the fungi (6), but I
have permission to convey the following information
from lectures Prof. Alexander H. Smith presents
each year to my phytogeography class.
The first problem in the geography of the
fleshy fungi is that we cannot know of the presence
of a given species until it produces a fruiting body,
such as the mushroom form or puffball form, in or
above the surface of the wood or humus in which
the minute, threaded white web of mycelia is grow-
ing. Some mycelia of actually common species of
woodland fungi may go for long periods without
fruiting. With the advent of the proper moisture and
temperature conditions, fruiting may be abundant
for several days to several weeks. Spores are
produced in fantastically large numbers by many
species. In preparing suspensions of spores for
adding to fossil pollen preparations for proportional
volume control, we have obtained more than 5billion
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spores from a single fruiting body of Pisolithus
tinctorius(somewhat like a columnar puffball). The
spores are approximately 5 x 4 _ and slightly flat-
tened.
as they ordinarily grow in waters with relativel. . y "
stable temperature regimes. In the spore condltlon
or the dry vegetative condition many can probably
survive low temperatures.
All fungi are more or less restricted by food
specialization, that is, restricted to growth on
specific substrates. The fleshy fungi follow mostly
distinctive seed plant communities; some are para-
sitic on single species of phanerogamic plants. Like
the lower fungi these can survive under widely
different climates, as desiccation does not kill the
mycelium, at least for one to several years. In
general the fruiting bodies are less succulent and
more woody in desert areas where the hymenium
needs protection from sudden drought, but in the
moist tropics the fruiting bodies are smaller, and
produce fewer spores. Fruiting is cyclic in the
temperate regions; some species characteristically
fruit in spring, or summer, or autumn. In the dry
tropics fruiting is related to the availability of
moisture, and in the moist tropics there are no
evident seasonal cycles.
The blue-green algae are the most uniform
in distribution over the world, but they show the
greatest diversity in the tropics. Admittedly this
group, and the other algae as well, are still poorly
known in the Southern Hemisphere. Lakes and
streams of temperate regions show the most gen-
eralized floras of all. For example, there is strong
similarity between the fresh-water algal floras of
temperate Asia and temperate North America. The
algae that live in snow and ice, such as the commonly
found _red snow" organism, Chlamydomonas nivalis, are
found quite generally distributed in arctic and nival
alpine habitats of the Northern Hemisphere (Fig. 3).
There are relatively small differences between
these boreal snow and ice floras and their counter-
parts in the Southern Hemisphere (14, pp. 167-172;
16). Undoubtedly these algae, as fragments or
spores, are widely distributed in the atmosphere.
According to A.H. Smith, the floras of fleshy
fungi may be grouped according to the following
world distribution patterns: world-wide or nearly
so, north temperate (associated especially with
conifers), tropic, south temperate-antarctic, and
warm desert. Consequently the atmospheric load
of spores from the fleshy fungi will vary between
those world regions, and within them according to
different vegetation cover, local patterns of habitats,
the seasons, and weather sequences.
The microscopic and near-microscopic algae
deserve mention here because of their widespread
occurrence, their simple forms as autotrophic
plants, and the potentialities for their distribution
through the medium of the atmosphere (8, 19).
Works devoted to world distributions of the algae
other than the marine macro-algae are yet to be
written. For the following statements on distri-
bution and ecology of algae, except where credited
to other sources, I am indebted to Prof. Win.
Randolph Taylor who lectures to my phytogeography
class on these topics.
By and large endemism is uncommon among
the more minute algae. Both genera and species of
fresh-water and terrestrial algae have wider dis-
tributions than the comparable groups in the marine
algae, which tend to be restricted to major ocean
current systems. The appearance of narrow endem-
ism in records of algae has usually been found to
be an artifact of incomplete collecting. There seems
to be more endemism around the Antarctic con-
tinent. Australia, New Zealand, and Tasmania seem
to have a relatively distinctive flora. Isolated
oceanic islands do not have rich floras. Planktonic
algae are more widely uniform in distribution over
the world than are attached bottom-dwelling forms.
Propagules of marine algae generally do not resist
drying, so transport in the atmosphere is unlikely
to play a role in dispersal of those algae.
The vegetative parts as well as the resistant
spores of many of the fresh-water algae have
remarkable survival powers. Gleocapsa can survive
in the dry state for more than a year without spores
having been formed. Temperature conditions are
limiting to the growth of many fresh-water algae,
On marginal areas of the Ice-Cap in northwest
Greenland, Nobels and I investigated pits contain-
ing living colonies of filamentous blue-green algae
(Calathrix parietina _ Anacystis limnetica, identified by Dr.
Francis Drouet) (4). Each winter, and from time
to time during the summer, these colonies are
frozen solidly into the ice at depths of 20 to 65
cm, but with a day or two of insolation, the dark
reddish-brown colonies heat up and thaw toward
the surface columns or lenses of water so that
the plants can resume growth (Fig. 4). After sev-
eral days of solar warming the colonies lie at the
bottoms of open, water-filled pits from 1 to 300
cm in diameter, depending upon the size, and
presumably the age, of the colony. We found frag-
ments of algal filaments in cryoconite pits (formed
by aggregations of dust mixtures) and in samples
of apparently clean ice; so we assume that the
algal filaments are distributed by wind as well as
melt-water on the glacier surface. Algae capable
of living under conditions such as this would be
good candidates for survival in some extraterres-
trial habitats, and possibly candidates also for
growth if water and sunlight were available.
Soils support considerable algal floras, espec-
ially of the blue-greens but including some green
algae and diatoms (19,20,7). F.E. Fritsch and others
in England made extensive studies of soil algae a
half century and more ago (10). The soil algae were
found to possess archaic modes of reproduction
and are therefore difficult to identify. They are also
difficult to grow in pure culture. Damp soils of
cool-moist and alpine regions have abundant soil
algae. Snow flush areas in arctic and alpine tundras
commonly have large mats of Nostoc and other genera
growing on the surface among the higher plants.
Soil algae are especially abundant in the tropics,
filling widely different roles in the ecosystems;
some are important in the reduction of organic
matter. The uppermost layers of many desert soils
have been found to contain algal floras that are
highly significant with respect to stabilization of the
surface and fixation of atmospheric nitrogen (26).
Organic crusts on intermittently watered soil and
rock surfaces in arctic regions such as northern
Greenland indicate similar activity by algae, but I
have been unable to secure samples that contained
I’ 
1 
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Fig. 3a (top). Late melting snow bank 
about 20 miles south of Thule, Greenland. 
Darker a reas  on snow a re  colonies of “red 
snow” algae. mostly Chlamydomonas niualis. 
July 1953. 
Fig.. 3b (bottom) Enlargement of boxed 
area-(Fig. 3a), showing algae. (Black dots 
a r e  colonies of algae rather than photo- 
graphic grain.) 
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Fig. 4. Algal pit of common form on Greenland Ice Cap northeast of Thule. Community of algae can be seen as dark 
sediment at bottom of clearwater pool. August 1953. 
material suitable for positive identifications even 
by specialists. The soil algae, like the snow and 
ice algae, a r e  likewise good candidates for survival 
in extraterrestrial  habitats. B. Muriel Bristol (7) 
described experiments with various soil  samples 
which upon being moistened after 22 to 69 years of 
dry storage each produced a succession of bacteria, 
unicellular green algae (in some instances along 
with a few moss protonemata),and lastly several  
species of blue-green algae that quickly become 
dominant. 
Lichens certainly include some of the most 
hardy plants with respect to resistance to environ- 
mental extremes; crustose and foliose forms a re  
found at the very limits of plant growth toward the 
poles and on the highest alpine surfaces (Fig. 5) .  
Although lichens do produce spores from their 
fungal components, with fragments of algal com- 
ponents occasionally being shed with the spores,  
the more common means of reproduction i s  by 
somewhat specialized fragments called soredia or 
by thallus fragments. One might expect soredia to 
be transported in considerable numbers in the at- 
mosphere, but soredial bodies either are not caught 
in air samples o r  a re  not recognizable as such. 
Fragments of lichen thalli a r e  sometimes caught, 
but may have been transported only short  distances 
and near the ground (cf. 15 ,  pp. 150-151) .  Neverthe- 
less lichens a r e  autotrophic, extremely hardy plants 
of relatively unfertile s i tes  widespread on all con- 
tinents; those on exposed plains and mountains a re  
favorably situated for being launched into at least 
the lower atmosphere. 
Conclusions 
The object of this paper is to draw attention 
to three main points of importance in considerations 
of atmospheric biology in light of contamination of 
objects, including vehicles, that may transit  the 
thickness of the atmosphere. 
I. Particulate matter of plant origin is intro- 
duced into the atmosphere near the ground in 
enormous variety and in large quantity. Most of the 
entities a r e  as yet unidentified, and the potentially 
viable entities a r e  only now coming under study. 
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Fig. 5. Small nunatak (ice-free eminence) more  than 2 miles within Greenland Ice Cap northeast of Thule. Plant life 
consisted of 5 species of lichens and 2 species of mosses. August 1953. 
11. Identities and popu@tion densities of the 
different kinds of particles vary markedly over 
small  areas  near the ground and over regions of 
sub-continental size at higher (but st i l l  undeter- 
mined) altitudes in the troposphere. 
111. The atmosphere near the solid earth sur -  
face carr ies  different organic particle loads in dif- 
ferent areas, varying with seasons and varying with 
shorter t e rm weather sequences. It should be pos- 
sible to map the kinds of particle yield to the 
atmosphere from different continental areas  after 
a network of observing stations over the world has 
been in operation for several  years. 
Once the regional yields of plant particulates 
have been charted we can combine knawledge of 
plant distribution patterns with knowledge of vege- 
tational phenology and meteorological phenomena to 
predict atmospheric loads for given regions. If 
laboratory culture work can be simultaneously 
expanded to provide knowledge of environmental con- 
ditions for germination and growth of the viable 
components, we shall then begin to take in hand the 
problems of controlling biological contaminaton of 
atmosphere-transiting vehicles. 
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Discussion
MacLeod--I want to ask a question about
climatological aspects of plant geography. Perhaps
you were not leading to this directly, but it seems
to me that in your pollen studies, you are relating
species occasionally to a paleoclimate. Would you
like to comment on that, perhaps with reference to
other data that might support the specified paleo-
climate?
Benninghoff -- The main principle of paleo-
climatology is interpretation of fossils and their
enclosing deposits on the basis ofuniformitarianism,
that the relations of organism to environmental
conditions were the same in the past as they are
today. The more similar the fossil and modern
organisms the more certain our interpretations can
be. If we find a fossil leaf that bears detailed re-
semblance to leaves of modern beech trees, we
identify the fossil leaf as that of the genus Fagus.
We then use the climatic relations of the present-
day species (about 9) to form a concept of those
relations for the genus. With that information we
attempt to reconstruct the climatic limits within
which the tree of the past lived. It would be dan-
gerous obviously to take one fossil beech leaf and
reconstruct a beech forest; the modern beech
forests in eastern North America, Europe, China,
or Japan today may each have characteristics of
composition and structure that are of relatively
recent origin. Our study of necessity begins with
the assumption that beech trees of the geologic
past had ecologic requirements similar to those
of beech trees today. We proceed by marshalling
all available evidence into a logical order: first,
evidence of flora and vegetation; then, in the context
of the reconstructed vegetation, further evidence
in two directions. In one direction we reconstruct
the physical environment by comparing the vegeta-
tion evidence with evidence from sediments indica-
tive of temperature regime, rainfall, etc. Particle
size distribution, mineral composition, surface
sculpturing, and many other characters can yield
useful information. We work in the other direction
by relating the vegetation evidence to the fossil
record of animal life. For paleoecological inter-
pretation of continental (as opposed to marine)
deposits, vegetation is the key. The more evidence
we disclose, the more we can revise and refine the
ecological interpretaions, including those that add up
to reconstructions of paleoclimates.
Convenor:A.H.Brown
Long-Term Analysis of Atmospheric Pollen
Agnes Hansen and A. Orville Dahl
Department of Botany
University of Minnesota
Minneapolis
Abstract _,_ QI_
Detailed analysis of air-borne pollen has been car-
ried on continuously by the University of Minnesota's
Department of Botany since 1932. At that time a pilot
operation was instituted after considerable observation of
anemophilous species in the field. Pollen of many species
from 50 different genera regularly occur each season on
the Department's sampling slides. The ten most abundant
kinds of air-borne pollen (arranged in order of decreas-
ing importance) are:Ambr0sia(ragweeds), Artemisia (worm-
wood-sage), Gramineae (grass), Chenopodiales (Russian
thistle, pigweeds), Rumex (dock), Quercus (oaks),H|mus
(elms), Betula (birches), and Hrtica (nettles). Such factors
as precipitation, wind direction, and temperature, in-
fluence the record of pollen on the sampling slide.
The date of the highest 24-hour concentration of any
specific kind of pollen varies over the years. For ex-
ample with ragweed pollen, the average date of highest
24-hour concentration was August 25; the earliest and
latest maxima were observed, respectively, on Aug. 22,
1957 and Sept. 8, 1947. The range in total seasonal
concentration of pollen (expressed as number of pollen
grains per square centimeter of surface of the sampling
slide) may vary extensively. With reference to ragweed
pollen, a mean value of 3,300 pollen grains has been
observed with a range of 1,324 (in 1962) to 6,5a0 pollen
grains (in 1946). _ " _
Observations on pollen and spores in atmos-
pheric space have been recorded since the middle
of the 19th century when Blackley (2) and Airy (1)
published their observations in England on pollen
and spores, primarily with the prospect of their
relationship to allergy. In this country beginning
around 1916, Scheppegrell (16, 17), Duke and Dur-
ham (6, 7), Wodehouse (20, 21, 22), and others were
instrumental in launching intensive regional studies
of atmospheric pollen and spores which have been
continued in a variety of ways to the present (see,
e.g., 13, 14, 5, and 18).
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Many different methods of sampling air-borne
pollen and spores have been used. In a recent mono-
graph, Dr. P. H. Gregory (12) has provided an
excellent comparative account of various air sam-
pling techniques. The relatively simple gravity
sedimentation method has been widely used and,
despite serious limitations, has provided much of
the extant information on airborne pollen grains. As
Hyde (13) observed from a comparison of his long-
term studies using gravity methods with recent
records obtained from application of the Hirst
volumetric spore trap, the gravity slide is subject
to the error of inadequately recording pollen and
particles of smaller size, e.g., those having a
diameter of 15 _ and less. In view of the many
physical and biological variables involved in the
incidence and behavior of airborne pollen and
spores, quantitation and evaluation of these struc-
tures seem best conducted over a period of several
years regardless of the sampling technique em-
ployed (13).
Our studies of the Twin Cities area were
instituted in 1932 with daily records being obtained
throughout all months of the first 4 years of the
project. Note that some evidence for long-distance
transport of pollen can be obtained from continuous
sampling throughout the year (15, 10). Since 1936,
most of our observations relate to the so-called
growing season, March to October. Throughout, we
have employed the gravity sedimentation method.
Standard microscope slides (3 x 1 inch)were
aseptically surfaced with an oil preparation 1 de-
vised to provide favorable receptivity, surface con-
tinuity, and optical properties. These slides were
exposed horizontally to the atmosphere at a height
of ca. 70 ft above ground for 24 hours in the pollen
slide shelter designed by Durham (8, see also 4).
1The medium devised by us for entrapping airborne
particulates (including pollen, spores, etc.) consists of:
2 parts, melted white petrolatum; 1 part, paraffin (min-
eral) oil; 1 part, n+ butanol; 1 part, xylene. Stir while
warm to insure a uniform mixture. The mixture is kept
free from contamination in a stoppered container. A
uniform long-lasting coating on the sampling slides is
easily established with a glass applicator rod. Exposed
slides, when protected from contamination, will keep
indefinitely.
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Four sampling stations, including one in a
residential section approximately five miles from
the three University stations, have been used. In
earlier phases of the project, sampling slides were
exposed in Duluth, Moorhead, Montevideo, and Pipe-
stone, Minn.; LaCrosse and Madison, Wisc.; Des
Moines. Iowa; Wheaton, Ill., and Springfield, Mo.
(see 151.
Evaluation of the kinds and quantities of pol-
len and spores is based on the analysis of 25
microscopic fields (100 x) systematically distrib-
uted across the width of the slide in five strips (15).
The pollen-spore data thus obtained were expressed
in terms of number of individual pollen grains per
square centimeter of surface of the exposed slide.
These data provided the basis for qualitative and
quantitative interpretation of atmospheric pollution
during the period for which the sampling slide was
exposed. Since pollen grains are commonly not the
smooth, solitary spheres of Stokes' formula, we
have preferred to omit Stokesian calculations which,
in theory, are designed to yield data indicating
concentrations on a volumetric basis (see 3).
In size, pollen grains of all taxa observed on
the exposed slides range from ca. 14 _to ll0_in
diameter. Pollen types occurring in greatest abun-
dance fall within the range, 20 to 60_.
The kinds and amounts of pollen grains and "'
spores vary with the seasons and with the geo'-
graphical location. In addition, from one year to the
next, variables such as: amount and period of
precipitation, occurrence of unduly late spring, as.
well as precocious autumn frosts, and man's dis-
turbance of the vegetational cover will influence the
atmospheric pollen record (Table II).
Consequently in theory, there is much that
can be read in the long-term record of atmospheric
pollen (18).
With reference to this geographical region,
pollen representing approximately 50 different gen-
era occur regularly each year on the sampling
slides (Fig. 1). The average total number of pollen
grains per square centimeter for the season is
approximately 7,400 (Table I). During the last 10
years, the total amount of ragweed (Ambrosia, Ira )
pollen has fallen well below the 20-year average of
ca. 3,300 grains per square centimeter (Fig. 2,
Table II). With this group, the date of maximum
atmospheric concentration can be expected during
the last week of August (Fig. 3). Commonly, the
maximum 24-hour count of ragweed pollen is below
400 grains per square centimeter (Figs. 4, 5).
Pollen of such other groups as the grass (Grami,eae),
oak (Fagaceae), elm ( Lllmaceae ), and chenopod ( Cheno-
podiaceae, Amaranthaceae) families have retained rela-
tive prominence for the last 15 years (Fig. 1).
1963
1962
1961
1960
1959
1958
1957
1956
1955
1954
1953
1952
1951
TOTAL ATMOSPHERIC POLLEN
Botany Building, University of Minnesota,
1951-1963
INCIDENCE
Minneapolis
MEAN
i
1963
1962
1961
1960
1959
1958
1957
1956
1955
1954
1953
1952
1951
_MEAN
Fig. 1. Total annual incidence of atmospheric pollen of all taxa for entire growing season, March-October, 1951-
1963. Quantitation is on the basis of number of pollen grains/era 2 of sampling surface. Abscissae for individual pollen
groups represent number of pollen grains/cm 2 of sampling surface. Actual quantitation is recorded in Tables I and II.
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POLLEN INCIDENCE
AUGUST- SEPTEMBER
1943 - 1963
University of Minnesoto, Minneopolis
,__ _MEAN
- 1963
%
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Fig. 2. Total concentration of airborne pollen dur-
ing August-September, 1943-1963. Quantitation as in
Fig. i.
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Note that on the basis of extensive clinical "'
observations (9) seven of the ten m0st abundan_
pollens in the atmosphere are prominent as major
causes of pollen allergy. Arranged essentially in
order of clinical importance these pollen groups-
are: ragweed, wormwood (Artemisia), grass, cheno-
pod, dOck (Rumex), oak (Quercus), and elm (lllmus),
nettle (Urtica ).
With possible reference to paleoecology, data
on atmospheric pollen can be used to sense the
validity of predicting the major features of the total
vegetational landscape primarily on the basis of the
pollen record (as it is done in palynological inves-
tigations based on the nature of the fossil pollen
occurring in various sediments) (11). For this re-
gion, the atmospheric pollen slides provide evidence
for a vegetational community in which ragweed
(Compositae, Ambrosia); elm, nettle (Urticales); oak
(Fagaceae, Quercus ); poplar, willow (Salicaceae); ma-
ple, box elder (Aceraceae, Acer); chenopods (Cheno-
podiales); grass (Gramineae); birch (Betulaceae);
ash (Oleaceae, Fraxinus), and wormwood (Compositae,
Artemisia) have prominence• These ten components
have been arranged in order of decreasing pollen
incidence on the atmospheric slides. As one would
expect, the sampling slides have given virtually no
evidence for the presence of the many insect-
pollinated species which together comprise an im-
portant element in the current, vegetational com-
munity.
Fig. 3 (top). Total annual concentration of ragweed
pollen, 1943-1963.
Fig. 4 (bottom, left). Date of highest daily concen-
tration of ragweed pollen, 1943-1963.
Fig. 5 (bottom, right). Highest daily concentration
of ragweed pollen for each of the growing seasons,
1943-1963.
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Table II ,_
Atmospheric Pollen Incidence
All botanical groups, August-September, 1943-1963.
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O
Year
Botamcal group
O
t_ • _ 0o _ 0
1_ 0 m
Meteorological data (19)
Avg. temp.,
°F
Aug. Sept.
Pptn. ,
inches
Aug. Sept.
1963 52 1
1962 96 3
1961 70 4
1960 145 18
1959 59 5
1958 61 ,..
1957 59 5
1956 51 . ..
1955 57 1
1954 39 2
1953 53 ...
1952 81 7
1951 82 . ..
1950 56 ...
1949 224 . ..
1948 190 . . .
1947 146 12
1946 88 . ..
1945 347 ...
1944 152 . . .
1943 306 ...
Mean ..... .
67 3 ... 2 236
89 3 ... 2 217
111 2 ... 8 332
111 2 ... 11 370
93 ...... 5 498
61 3 385
... ...
68 5 1 ... 230
67 2 . . . 4 260
64 ......... 342
40 6 ...... 1 79
106 ...... 2 419
111 ... 2 2 279
108 . . . 4 6 183
70 ......... 301
111 4 ...... 424
167 17 ...... 465
240 15 4 427
29 19 "'8" ... 156
76 ......... 293
71 ...... 31 293
62 28 . . . 2 352
*.. . ,. ° ..... ..°
60 1, 336 6 1, 763 68. 9 62. 2 1. 55 3. 47
132 1, 324 4 1, 870 68. 3 56.4 3. 47 2. 46
53 1, 779 5 2,364 71. 3 59. 1 2. 38 3. 01
109 1, 697 1 2,464 72. 1 61. 8 3. 99 3. 79
91 2,296 9 3,056 75.2 63. 1 6. 60 2. 29
72 1, 512 30 2,124 71.4 62. 7 3.03 1. 09
70 2,048 5 2,491 70. 9 59.4 5. 75 1. 65
55 1, 492 10 1, 941 71. 2 58. 7 5. 22 0. 79
42 2,152 6 2,664 76. 1 63.0 2. 84 0. 99
67 1, 845 8 2,186 70. 4 60. 5 3. 08 3. 65
55 3,915 5 4, 555 73. 3 62. 1 2. 75 0. 55
61 4, 026 4 4, 573 69. 1 63. 1 4. 18 0. 42
46 3,329 20 3, 778 68. 1 56. 9 1. 94 5. 80
90 2,418 10 2,945 67.7 62.6 1.84 1.46
107 4, 740 8 5, 618 74. 2 58.4 2. 64 2. 67
140 5, 856 • • • 6, 835 72. 7 67. 8 3. 37 1. 04
234 4, 988 25 6,091 78. 2 63. 1 2.41 1. 48
25 6, 530 • . . 6, 855 68. 8 59. 8 0.43 6. 58
54 5, 737 • • • 6, 507 71. 0 60. 2 2. 27 2. 13
68 4,496 ... 5,111 71.6 61.6 3.65 0.97
57 5, 069 • • . 5, 876 71. 9 58. 2 1. 75 2.47
... 3, 266 • • • 3, 889
*Data on pollen expressed as number/cm 2 of sampling surface.
Minnesota, Minneapolis.
Botany Building, University of
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Discussion
Belmont--Have you any explanation for the
decrease in overall pollen activity in recent years?
Have you made any comparisons with weather at
the time?
Dahl--We are examining these details with
reference to the detailed weather. In recent times
we do have the recording of cooler than average
seasons. In the case of some of these groups one
also has to examine the factor of man's disturbance
of the vegetational cover. During the last 20 years
there has been what could be considered to be an
improvement in the sense of eliminating weedy
areas. Our collection slides are exposed on top of
the Botany Building here in Minneapolis. This area
is above the Mississippi River channel. Some of the
great expanses of weedy areas along the banks of
the Mississippi have been removed. This action is
reflected in the pollen records.
Benninghoff- Have you any explanation for the
changes in relative amounts of grass and chenopod
pollen over the last 15 years?
Dahl--This is not an easy question to answer.
The chenopod grass situation is sensitive to a
number of factors. This does not relate, Dr. Ben-
ninghoff, directly to your question, but I think you
may be interested in this observation. During the
unusually dry years in the mid 1930's, areas that
had been covered by grass (this would be reflected
in the pollen count) were eliminated by extreme
dryness. This created new areas for Russian this-
tle, a member of the chenopod group. If one were
to total the grass pollens (and we have done this)
he would see that the grass pollen total decreased
while the chenopod total increased. There were
great areas opened to the chenopod group.
Now in terms of the record of the recent
years you saw an increase in both grasses and
chenopods. The increase in grass seems to be
related to a reasonably favorable annual precip-
itation. The increase in the chenopod group can-
not be explained quite so easily. This explana-
tion does not check with the Russian-thistle group,
but there may be other components of the Che-
nopodiales involved here. I am sure Dr. Benning-
hoff is familiar with the fact that this partic-
ular group, the Chenopodiales, is unfortunately
or fortunately, depending upon your problem, fa-
vored by a uniform pollen structure. In other
words, it is difficult to tell all genera of the
Chenopodiaceae from all genera of the Amarantha-
ceae, so that one ordinarily lumps these two fam-
ilies together and records them as pollen of the
chenopods. The various members of these two
families differ in their ecological requirements.
This is why it is unfortunate that we cannot track
this down. Possibly, Dr. Benninghoff, with refer-
ence to the increase in the chenopods, you do
have an increase in some members which also
tolerate the same growing conditions as do the
grasses.
Convenor:A.H.Brown
Airplane Trapping of Organisms
E. P. Holzapfel and J. L. Gressitt
Dept. of Entomology
Bernice P. Bishop Museum
Honolulu, Hawaii
Abstract _,_Q_,_
An air plankton trap for operation on a Super
Constellation aircraft was developed in 1960 by Bishop
Museum, Honolulu. Hawaii. During 3 years of operation
59 arthropods plus numerous fragments have been col-
lected over the Antarctic, Pacific, and continental United
States. Plant and mineral material have also been col-
lected and analyzed. The trap has been operated about
668,500 km (415,260 statute miles).
Collecting results and in-flight tests indicated low
efficiency. Wind tunnel tests by Lockheed show that modi-
fications are necessary. The trap is awaiting proposed
changes to improve insect collecting and to adcl deviqps _
for other disciplines.
Introduction
The Entomology Department of the Bishop
Museum has extended its scope across the Pacific,
into Southeast Asia, and to the Antarctic continent.
Though the prime object has always been to collect,
preserve, and classify as many specimens as pos-
sible, such a collection is more meaningful when
coupled and supplemented with a program to study
zoogeography and evolution. If knowledge of the
origins, development, and relationships of the insect
fauna of the oceanic Pacific islands is to be com-
plete, a study of dispersal across oceans becomes
necessary. Such a study was initiated in 1957 when
screen traps and later cone shaped nets were used
for trapping aboard ships in the tropical Pacific
(2,7,8,9).
In 1959 studies of airborne organisms in the
Antarctic area were begun on land, at sea, and in
the air from Otter planes (3,5). Collecting aboard
ships throughout the Pacific has been improved and
continued (1,10,11,12).
and Particles
mr
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Since altitude and wind currents are prime
factors in the dissemination of arthropods between
land masses, a proposal for a high speed airplane
trap was submitted early in 1960. Both the U.S.
Antarctic Research Program and the National Science
Foundation backed this new program financially.
With the cooperation of the U. S. Navy and Lockheed
Aircraft Corp. a trap was completed in September
1960 for use in a Super-Constellation airplane. The
trap has been operated during Operation Deep Freeze
1961, 1962, and 1963 (4,11).
Description
The trap (Figs. 1-3) was an all metal duct 595
cm long. When mounted on the starboard side of an
aircraft the forward opening is held firmly in place
about 15 cm from the fuselage just aft of the cockpit
hatch--well forward of the wing and propellers. To
avoid cutting a separate set of holes in the fuselage
of the aircraft, the foreward two porthole windows
were removed and used as points of entrance and
exit.
Since the air speed had to be reduced from
more than 200 knots to less than 25, the duct grad-
ually increased in diameter: 10 cm at the entrance,
25 cm where it passed through the porthole opening,
and 45 cm inside the cabin of the aircraft. After
being filtered by a funnel-shaped fine-meshed stain-
less steel screen that lined the 45 cm portion, the
trap began to decrease in size, with a diameter of
25 cm at the second porthole and about 15 cm at the
exhaust opening.
The collecting receptacle was a small, screen
metal cup. This removable cup at the apex of the
screen funnel was 365 cm from the intake opening.
Two valves, one anteriorly and one posteriorly,
in the cabin portion of the duct prevented passage of
air while the trap was not being operated. During
sampling at high altitudes this section could be
sealed off and depressurized. This permitted an air
tight door in the side of the enlarged cylinder to be
opened and the collecting receptacle with sample
replaced as often as necessary. Fig. 1 is an early
draft of the plan; several modifications were made
before the trap was completed.
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Fig. 1. Preliminary diagram of internal airplane trap. Actual trap varies in several aspects.
HOLZAPFE L & GRESSITT -- AIRPLANE TRAPPING
The trap was operational after a deicer around
the intake opening was added.
Methods
An entomologist from the Museum accom-
panied each sampling flight. When possible the
collecting receptacle was replaced at about every
1,000-meter altitude change and at regular intervals
while cruising. The receptacle was immediately
checked and all samples transferred to small vials
that were later sent to Honolulu for microscopic
check at the Museum.
At the end of the first year of operation other
organizations became interested in our program.
The Astrophysical Observatory in Cambridge, Mass.,
cooperated by analyzing the extraterrestrial par-
ticles. The only modification in previous collecting
techniques for this new phase in the program was to
sweep all particles from the receptacle with a camel
hair brush. As before, these samples were checked
microscopically at the Museum for insects and then
forwarded to the Observatory for detailed chem-
ical analysis by the electron-beam microanalyzer
technique (6).
The Geochronology Laboratories of the Univer-
sity of Arizona in Tucson, Ariz., also became an
active participant during the second year. Micro-
scope slides with glycerine jelly and stain (fucsin)
were prepared at the University of Canterbury in
Christchurch, New Zealand and exposed during
flight to study dispersal of pollen at high altitudes.
At first the slides were fastened by masking
tape to a baffle directly behind the collecting re-
ceptacle; a clamp was later used to facilitate ex-
posing the slides. The exposed slides were sealed
with cover glasses and shipped together with data
sheets to Tucson for microscopic examination.
Operation
The trap was first mounted in November 1960
on a Super Constellation at Christchurch, New
Zealand. It was in operation on this plane for the
past three Antarctic seasons (1961, 1962, and 1963);
during the "off seasons" (1961 and 1962)it was
transferred to a Super Constellation for operation
between the island of Hawaii and Midway Atoll. To
date it has been operated about 668,500 km (415,260
statute miles) including the following:
1. Antarctic season; November 1960 to March
1961; 187,900 km.
a. Five return trips between Christchurch,
New Zealand and Quonset Point, R. I. via
Honolulu, Hawaii; 161,000 km (100,000
statute miles).
b. Two return trips between Christchurch
and McMurdo Sound, Antarctia; 13,600
km (8,424 statute miles).
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c. Post-Antarctic season; one return flight
Oahu Island--Hawaii Island and three
return flights Oahu-Midway Atoll; total
13,300 km (8,260 statute miles) (4).
2. Antarctic season; September 1961 to April
1962.
a. Between Quonset Point, R.I. and Mc-
Murdo Sound, Antarctica via Honolulu,
Hawaii and Christchurch, New Zealand;
197,300 km (122,577 statute miles).
3. Post Antarctic season; May to August 1962.
a. Between Island of Hawaii and Midway
Atoll (11); 19,310 km (12,000 statute
miles).
4. Antarctic season; September 1962 to April
1963; 264,000 km (164,000 statute miles).
a. Two return trips between Rhode Island
and New Zealand via Hawaii; 64,400 km
(40,000 statute miles).
b. 23 return trips plus 3 turn-aroundtrips
(due to engine trouble and/or bad weath-
er) between New Zealand and McMurdo;
188,300 km (117,000 statute miles).
c. Internal New Zealand flights plus one
return flight to Australia; 11,300 km
(7,000 statute miles).
Results
Air from sea level to 5,790 meters (19,000 ft)
has been screened. Insects collected to date are
listed in Tables I to II; IV to VI. 1) In Polar Zones
all courses and directions are given in grid coordi-
nates, in all tables in this report these have been
converted to true. 2)On the flights between Oahu
and Midway Atoll insects were taken only when the
plane flew on the north side of the island chain and
when the wind was from the southwest (after turning
around over the main Hawaiian Islands). 3) Between
Canton and the Hawaiian Islands, a lygaeid bug was
taken at an altitude of 4,960 meters--the nearest
land was Johnston Island approximately 248 km away.
Williams Field on McMurdo Sound is about
77 ° 30'S latitude and 165 ° 50'E longitude. Several
interesting catches were made near the Antarctic
continent. A wing of a lygaeid bug, probably of
Nysius burro,i, was caught at 4,000 meters (66 ° 59'S
lat). An Ichneumonid wasp, Diplazar laetatorius Fabri-
cius _ was removed from the trap at 3,353 meters
(72 ° 04'S lat; 169 ° 40'E long). Some question may
be raised on the validity of this latter catch for
on several occasions insect parts were recovered
several checks before and several after the main
fragment was retrieved.
During the first year of operation (1960-1961)
the vegetable and mineral material taken in the trap
was analyzed at the Museum (Table III).The second
year (1961-1962) the Museum only recorded insects.
All mineral samples were sent to the Smithsonian
Astrophysical Observatory where some of the par-
ticles were subjected to detailed chemical analysis
by the electron beam microanalyzer technique.
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Fig. 2. Forward part of U.S. Navy aircraft C-121J B U N 0  131624, showing t rap inlet and outlet (Official U.S. Navy 
photograph). 
The results of the analyses of these samples 
f rom the Antarctic atmosphere became part of a 
report on representative particles collected from a 
number of other localities, including 750-year-old 
Greenland ice, 55-year-old Antarctic ice, glacial 
ice caves, a New Mexico mountain top, and the 
stratosphere. A total of 118 representative particles 
from the sources listed above were divided into two 
main classes: spherules and irregulars. The samples 
reported by the Bishop Museum, collected at  13,000 
ft about 70” south latitude and 171’ east longitude, 
contained no spherules. One of the irregular par- 
ticles was rich in silicon, indicating it may have 
been an  ablation of a stony meteorite-type body and 
hence of cosmic origin. 
In the original publication the remaining par - 
ticles analyzed from the Antarctic atmosphere were 
placed in the table as “Other Irregular Particles.” 
One analyzed was rich in chromium and silicon. 
Al l  in the “Other Irregular Particles” category 
contained aluminum. Due to the composition of the 
particles from this trapping program, they cannot 
be definitely classified as terrestr ia l  o r  extra- 
terrestr ia l  (6). 
The glycerine jelly air slides which were 
exposed during the 2nd and 3rd years were sent 
to Dr .  Lucy M. Cranwell of the Geochronology Lab- 
oratories,  University of Arizona, Tucson, for exam- 
ination. Dr.  Cranwell i s  making a comparative study 
of fossil pollen and spores from younger Antarctic 
deposits and has been interested to check flights of 
organic material from countries to the north of 
Antarctica (personal communication). Some of the 
results of the work will be given Aug. 5, 1964, by 
her in the Aerobiology section of the Tenth Inter- 
national Botanical Congress in Edinburgh. Par - 
ticular reference will be made to the recovery of 
very small  amounts of Nothofagus fusca-type pollen 
(8-pored) and of small  fern spores as far south as 
the approaches to McMurdo Sound. Pollen grains 
of Nothofagus increased in frequency near the main 
New Zealand islands, while ine pollen (of species 
introduced to New Zealand! were recovered in 
abundance above Canterbury on October 23/24,1961. 
Other types found included pollen of podocarps, 
caryophylls, grasses ,  Coprosma, chenopods; both mon- 
olete and tri lete spores of ferns; varied fungal 
spores and fragments, together with much com- 
minuted waxy material (including hairs of plants 
and broken spores). During some periods much 
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mineral material, together with other soil particles 
was picked up in the vicinity of New Zealand. 
A detailed report is being prepared, but the 
work of identification is slow. 
The Department of Oceanography and Meteor- 
ology of Texas A. & M. University has already been 
sent samples from the Museum's Ai r  Trapping 
program. Members of that department a re  presently 
working up the material and will relate it to their 
program of a i r  pollution. 
Attempts were made during the 1963 Antarctic 
season to collect viable microorganisms. Though no 
valid information resulted, collecting techniques 
were developed that might be useful in the future. 
The results of wind tunnel tests by Lockheed 
in November 1963 a re  given in Figures 4 and 5 and 
Table VII. A s  originally calculated, the a i r  flow 
through the collecting receptacle was to be about 
20 knots. Wind tunnel tests 1 A & 1 B show that the 
velocity at that point was actually about 2.5 knots. 
Further tests proved that the fine-meshed screen 
prevented a i r  from flowing as calculated. 
Modifications will increase the wind velocity 
to an optimum (ca. 15 knots). The metal duct should 
not be altered though the valves will be changed. 
Filtering devices will be added for the collection of 
salts, microorganisms, and/or other particles from 
the atmosphere. 
Fig. 3. Trap in operation; collecting receptacle 
removed for examination (Official U. S. Navy photograph). 
Table I 
Insects Taken in High Speed Trap on Antarctic Program 
Wind 
Plane 
Date Direc- Veloc., speed, Lat Long Alt, t Order Family Trapper 
tion knots knots meters 
1960 
20, XLI 
XII 
1961 
5, III 
6, III 
7, Iu: 
7, 
320" - 
290" 
290" 
10- 
12 
12" 
223 
223 
31" 35' - 176" 30' - 
27" 42's 178" OO'E 
27" 42's 178" OO'E 
3,350 
3,350 
*Diptera Sciaridae 
*Diptera Chironomidae 
S** 
S 
340" 
265" 
2 70" 
2 70" 
20 
20 
20 
20 
180 
255 
245 
245 
Christchurch to  
42" 00's 172" 30'E 
32" 10" 138" OO'W 
38" 45" 76" 55'W 
to  Washington, D. C. 
Washington, D. C. t o  
38" 48" 76" 36'W 
29" 00'- 146" 30'- 
Alameda, Calif. to 
37" 40" 122" 30'W 
10" 20's 174" 21'W 
3" 44'- 172" 05'- 
10-2,130 
5, 790 
1, 830-1 0 
*Diptera Syrphidae 
*Isopter a ? 
+ Hymenoptera Encyrtidae? 
W 
W 
W 
10-2, 740 
5-1, 520 
1,830 
$ Hymenoptera Scelionidae 
*Diptera ? 
*(Arthropoda) ? 
(alive) 
W 
W 
W 
10,III 
12, lII 
2 70" 
2 50" 
10 
20 
200 
220 
t Taken over North American continent **Sedlacek, S; Wise, W. 
*Incomplete specimen t Single entries a re  at cruising altitude 
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Fig. 4. Trap set up for wind-tunnel tests (Lockheed 
Aircraft Corp. photograph). 
Table I1 
Insects Taken in High Speed Trap Between Hawaii and Midway Atoll (Yoshimoto) 
Plane Alt, t Wind 
Date Direc- Veloc., speed, Lat Long meters Order Family 
tion knots knots 
1961 
5,  V 225" 28  2 40 Oahu to 1, 830 Heteroptera Lygaeidae: NYsius  
21" 25" 158" 20'W 
5, V 225" 28 240 
5 , V  225" 28 2 40 21" 52'-  159" 3 0 ' -  3 , 0 5 0  Acarina:Trom- 
5 , V  225" 28 240 25" 1 5 ' -  168" 4 0 ' -  3, 050 *Heteroptera Lygaeidae: N y s i u s  ? 
5 , V  225" 28 240 
5,  V 225" 28 2 40 27" 40" 175" 32'W 1 , 9 8 0  Heteroptera Lygaeid nymph 
5, v 210" 25 250 28" 10" 177" 20'W 3 , 0 5 0  *Heteroptera Lygaeidae: N y s i u s  
5 , v  210" 25 2 50 22" 15" 160" 14'W 3 , 3 5 0  *Coleoptera (Small beetle) 
2 2 , V  290" 25 2 50 23" 45-  164" 55'-  3, 960-2, 740 *Heteroptera Lygaeidae 
29 ,VI  242" 1 5  21 0 Oahu to 1 ,800  "(Insect) (Fore wing) 
2 9 , V I  242" 1 5  210 21" 22 ' -  158" 1 9 ' -  2 ,440  psocoptera Pachytroctidae: 
I t  1 '  1, 830 *Heteroptera Lygaeidae: N y s i u s  
22" 05" 160" 07'W bidiiformes' 
26" 28" 171" 50'W *Diptera 
27" 40" 175" 32'W Heteroptera Lygaeidae: N y s i u s  
26" 28 ' -  171" 50'  - 1 , 9 8 0  *Lepidoptera 
1 st instar 
23" 10:N 163" 05'W 
21" 22" 158" 19'W 
21" OO'N 159" OO'W P s y l l o n e r a  
wi l l ia rns i i  Banks 7 
2 9 , V I  242" 1 5  21 0 21" 00'- 159" 00'- 2 , 4 4 0  *Psocoptera 
2 9 , V I  242" 1 5  210 22" 30 ' -  161" 00'- 2, 590 Homoptera Exuviae of 1st  
Cicadellidae 
22" 05" 160" OO'W 
23" 14" 163" OO'W instar nymph of 
%<Incomplete specimen 
tSingle entries a r e  at cruising altitude 
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Table III
Vegetable and Mineral Material Trapped (Selected Samples)
Date
Wind Plane
Direc- Veloc., speed,
tion knots knots
Lat Long Alt i,
meters
Material Trapper
1960
20, XI 230 ° 28 180
2, XII 130 ° - 12 225
210 °
5, XII 1 70 ° - 12-45 220
250 °
14, XII 125 ° 55 248-260
1961
27, I 250 ° 13 190
30, I 250 ° 25 215
21,11 250 ° 25_38 244
6, III 270 ° 12 253
9, III 270 ° 20 240
9, III 270 o 20 240
10, III 290 ° 20 230
25, ]J_I 270 ° 10 216
5, V 240 ° 25 210
5, V 240 ° 25 210
6, V 235 ° 30 210
29, VI 242 ° 15 210
29, VI 242 ° 15 210
73 ° 02'S 172 ° 40'E 1,800
17 ° 30'- 159 ° 20'- 3,000
Ii ° 30'N 162 ° 40'W
61 ° 55'- 167 ° 20'- 3,050
59 ° 20'S 168 ° 10'E
49 ° 45'- 174 ° 30'- 1,800-
45 ° 00'S 1730 30'E 3,000
37 ° 40'- 122 ° 47'- 1,200
36 ° 35'N 125 ° 05'W
32 ° I0'- 176 ° 20'- 1,200-
36 ° 30'S 174°45'E I, 800
59 _ 50'- 167 ° 30'- 3,050
55 ° 40'S 169 ° 45'E
32 ° 10'N 138 ° 00'W 5, 790
41 ° 33'N 73 ° 52'W 3,050
41 ° 43'N 79 ° 25'W 3,050
32 ° 47'N 134 ° 25'W 2,400
41 ° 22'N 81 ° 43'W 2,400
22 ° 05'- 160 ° 07'- 3,050
24 ° 40'N 166 ° 55'W
26 ° 28'- 171 ° 50'- 3,050
27 ° 40'N 175 ° 32'W
Mineral: granite
1.7xl. 5xl mm
Mineral: limestone,
etc.
Mineral: granite
0.5x0.7mm
Plant: monocot
leaf sheath
Plant: fragments
Plant: fragments
Mineral: granite
5x4x2.5mm
Plant: spines,
scales
Mineral: sand-quartz
& igneous ?
Plant: algae ?
Plant: stem
Plant: fragments
Mineral: sand
Mineral: sand
28 ° 12'- 177 ° 23'- 2,400 Mineral: sand
28 ° 10'N 177 ° 20'W
Oahu to- 5-1,800 Plant: stem
21 ° 22'N 158 ° 19'W
21 ° 22'- 1580 19'- 2,400 Plant: Eu[ilicales
21 ° 00'N 159 ° 00'W sporangium
S
S
S
S
S
S
W
W
W
W
Y
Y
Y
Y
Y
**Sedlacek, S; Wise, W; Yoshimoto, Y.
t Single entries are at cruising altitude
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Table V
Insects Taken in High Speed Trap Between Hawaii and Midway Atoll (Yamamoto)
Date
Wind direc- Plane
tion velocity, speed, Lat, Long, Alt, % Order Family
knots knots North West meters
No.
speci-
men
1962
30, IV
5, V
26, VI
26, VI
27, VI
26, VI
27, VI
27, VI
31, VII
240 °/20 220 26 ° 54' 173 ° 47' i, 860 Dipt. Acalyptrate
27 ° 40' 175 ° 57' leg
45 °/7 Touchdown Oahu 0-2,480 Dipt. Nematocera leg
45 °/16 10 rnin takeoff i, 550 Dipt. Cal_,ptrate abdominal
from Oahu segments
180 °/I0 250 24 ° 02' 165 ° 40' 3,100 Coleopt. Ciidae?
25 ° I0' 168 ° 40' thorax and abdomen
30 °/30 255 22 ° 50' 162 ° O0' 5,270 Dipt. Acalyptrate
22 ° i0' 160 ° 20' thorax, leg
95 °/14 250 22 ° 00' 159 ° O0' l, 000 Dipt. Acalyptrate
22 ° I0' 160 ° 38' tarsal segments
300 °/30 260 25 ° 15' 169 ° 00' 5,270 Dipt. Wing fragment
24 ° 00' 166 ° 45'
180 °/30 245 26 ° 40' 1 73 ° 20' 5,270 Anoplura Hoplopluridae
26 ° 10' 171 ° 10' Hoploplurapaci[iea
110 °/20 240 25 ° 00' 168 ° 45' 5,270 Homopt. Exuviae of 1st
25 ° 20' 166 ° 15' instar nymph
t Single entries are at cruising altitude.
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TableVI
InsectsTakenin HighSpeedTraponAntarcticProgram(Holzapfel)
Winddirec- Plane
Date tion, velo- speed, Lat Long Alt, t Order Family Fragments
city, knots knots meters
1962
8,X ... 180 Descending 4,572
McMurdoSound 3,810 ? ? Leg
8,X ... 160 Over 3,810 Psocoptera Liposcelidae
McMurdo Sound 1,524
12, X 220 ° 30 245 54 ° 30'S 172 ° 30'E 5,486 Psocoptera Liposcelidae
46 ° 05TS 171 ° 00'E 3,658
5, XI 290 ° 25 230 45 ° 15'S 171 ° 00'E 3,048 Homoptera Fulgoridae Head
44 ° 25'S 171 ° 30'E 1,524
5, XI ...... 44 ° 25'S 171 ° 30'E 1,524 Diptera ? Thorax
On deck--Christ- ...
church, N.Z.
18, XI 360 ° 40 235 65 ° 24'S 168 ° 30'E 3,353 ? ? Leg
70 ° 00'S 169 ° 00'E 4,111
19, XI 205 ° 25 236 58 ° 14'S 168 ° 08'E 4,877 ? ? Mandible
50 ° 40'S 170 ° 45'E
21,XI 260 ° 20 190 77 ° 20'S 165 ° 30'E 975 ? ? Claw
77 ° 0D'S 166 ° 20'E 1,524
2, XII 150 ° 30 202 65 ° 10'S 169 ° 40'E 3,353 Hymenoptera Ichneumonidae Major
72 ° 04'S 1710 25'E fragments
2, XII 070 ° 15 190 77 ° 30'S 165 ° 50'E 1,524 ? ? Leftfront
Over McMurdo 915 wing frag-
ment from
Ichneumo-
nidae
14, XII 070 ° 05 190 McMurdo 884 Diptera? ?
77 ° 30'S 165 ° 45'E 2,286
17, XII 254 ° 45 200 47 ° 10'S 169 ° 55'E 3,292 ? ?
45 ° 30'S 170 ° 50'E 1,524
17, XII 220 ° 10 195 45 ° 35'S 170 ° 55'E 1,219 Homoptera Aphididae
43 ° 55'S 171 ° 50'E
22, XII 240 ° 47 260 24 ° 10'N 151 ° 00'W 3,353 Diptera Chloropidae
29 ° 30'N 146 ° 00'W
1963
26, L 280 ° 40 238 44 ° 20'S 171 ° 50rE 2,743 Thysanoptera? ?
49 ° 20'S 170 ° 45'E
Wing
Mite lost
before
identi-
fied
Head
Abdomen
4, LI 320 ° 20 180 Takeoff--Christ- ... Homoptera Aphididae
church, N.Z.
43 ° 50'S 172 ° 10'E 610
14, II 130 ° 32 246 44 ° 15'S 171 ° 20'E
49 ° 54TS 170 ° 30rE 3,353 Diptera ?
5, IV ... 210 Flying airways over 3,048 Lepidoptera ?
New Zealand
Thorax
Leg
t Single entries are at cruising altitude
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Fig. 5. Plan and side views of air plankton trap showing test setup (Lockheed Aircraft Corp. diagram).
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Junge --I found it interesting to hear that you
collected nonliving particulates in the air at these
altitudes in areas that are remote from continental
support. This corresponds to our own experience.
We made a little study recently to find out if
there is an upper limit of particles present in
normal outside air. R was suggested in earlier
publications that there might be an upper limit
around 20 _ or so, but, apparently, there is noupper
limit. This limit depends only upon statistics; if one
collects long enough he gets larger particles. So far
we have been able to collect regularly, particles up
to 60, 80, even 100 _ radius on a mountain at 2,000,
3,000 meters. Now, these apparently were not from
local sources; they must have been carried quite
a ways through the atmosphere.
The fact that there is apparently no upper size
limit is exceedingly interesting because this may
be of importance in spreading particles or micro-
organisms, etc., around the world.
This is my question: in your table you show
some details about the non-living material, about
sizes of grains that apparently were quite large.
Do you have the approximate corresponding volume
of air that was processed during your trips so that
you can calculate the concentration in the air?
Holzapfel- To date no applications [of these
tables] have been made although we hope for more
accurate and hence more valuable data once pending
modifications are completed.
We have the calculations of air that entered
the trap, but because the screen actually stopped
most of the air, I omitted that data from the report.
Junge -- Even an approximation would help.
Holzapfel -- I don't have our calculations here.
The first years, 1960 to 1962, two publications re-
sulted from this trapping. All of the work has been
published in the Museum's Pacific Insects. Our pro-
gram started in 1957 on zoogeography and evolution
of Pacific insects.
Junge- But you indicated that you also re-
corded the non-living material.
Holzapfel -- Right. This was during the first
year of operation before I was even with the
Museum. This in in the publication exactly as the
table that is here. The technique, etc., I am not to-
tally familiar with. I think many of these were near
the ground, naturally, on takeoff. How high they col-
lected these and how valid the data is, I don't know.
As originally planned, the air entering the
trap was to pass through the screen mesh and
sweep all particles into our collecting cup. The
screen actually stopped most of the air, thus pre-
venting contamination from the landing strip from
being swept out of the trap between take-off and
the first sample. The tremendous turbulence created
by the stoppage of this air flow prevented some
particles from ever entering the cup; others were
collected only after several hours of circulating
about in the trap.
Junge -- You do not close the traps during take -
off and before you collect in view of the contamina-
tion near the ground?
Holzapfel -- We can very easily close the
trap, but normally we found or we thought, that we
were sweeping all particles out that may have been
collecting when the wind blew at the airport. We
kept the trap open to 1,000 meters and then took
our first collection. Therefore, the first 1,000
meters certainly would not be a valid indication of
what particles were between the ground and that
altitude.
Most of our samples were insect fragments.
We collected 59 identifiable insect portions, some
of which were nearly complete specimens.
Brown--Was the fragmentation produced by
the trapping itself, or by something prior to this
trapping?
Holzapfel -- Both. Some of the small aphids
were taken alive and in rather good shape on takeoff,
normally up to 1,000 meters. So these certainly
would be valid collections. The most impressive
was the Ichneumonidae taken near the Antarctic
continent. This insect could have been caught in the
trap with turbulence and could have stayed there
until we made this collection. Since the insect was
deeply imbedded, and the entire canister was filled
with ice (which indicates that we were flying through
clouds) we think the insect probably was collected
in the clouds. It was certainly quite dead and frag-
mented; perhaps, due to the trap's turbulence, but
we think due to' wind, clouds, and ice action.
Benninghoff -- Among particulates we inves-
tigated from the snow and ice on the Greenland ice
cap, we found about 10 times as many recognizable
fragments of arthropods as any other category
(spores, mycelia, etc.). Similarly, I understand that
in collections from snows high in the alpine region
of the Himilayas the same is true. Now, does this
result from the fact that at lower latitudes where
there is a great deal more vegetation, other par-
ticles obscure the remains of arthropods that may
be present in equal numbers, or does it result
from less degrading biological activity in these high
latitudes and high altitudes that allows these arthro-
pod remains to persist without being decomposed?
Holzapfel -- Actually, I have no definite com-
ment. The vehicle of collection for our particular
program has not given total valid data; we have not
theorized any condition like this. We don't have,
certainly, these high mountains that you mention in
the Pacific; we are trying to find the dispersal of
insects between islands and then to study their
zoogeography and evolution from this standpoint, so
I really can't help you.
Convenor:A.H.Brown
P. H. Gregory
Rothamsted Experimental Station
Harpenden, Herts, England
Problems of Sampling for
Atmospheric Microbes
N65-2. 995
Abstract ,_'3_q_'
The atmosphere near the ground typically carries a
rich and diverse load of microbes in suspension. We also
have some knowledge of microbes in the upper tropo-
sphere, but more study, especially on viability over
oceans, and at all altitudes in tropical and polar regions
is needed. Above the troposphere, with scanty data, we
can only speculate on what we might expect, and origins
of anything we might find. Technical difficulties of sam-
pling in the upper air are posed by: 1) the large volumes
to be tested; 2) aerodynamical problems of removing
particles with standard equipment not designed for high
intake speeds; 3) problems of retaining viability after
capture; 4) limiting contamination during passage through
the lower atmosphere and in the laboratory; 5) recogni-
tion of contaminants. Future work demands an intensive
preliminary testing program against mixed aerosols in a
wind tunnel of specially designed apparatus designed after
a fundamental study of requirements. This is needed also
for sampling atmospheres of other planets. Sampling in
space presents quite different problems, but the two
techniques would tend to converge near the outer_of _
planetary atmospheres.
I make no apology for using the word "microbe"
(2 syllables) defined broadly in my dictionary as "An
extremely minute living being; whether animal or
lant." I prefer this to the word "microorganism"
5 syllables, which the same dictionary defines sim-
ply as "a microbe" !).
The atmosphere near the ground commonly
bears a diverse flora and fauna of microbes. But
we know less about the microbial life in suspension
over the oceans, or in the upper part of the tropo-
sphere, and almost nothing about the stratosphere
and above. We must aim to build up a coherent sys-
tem of knowledge of microbial life inthe atmosphere,
and the conditions of the environment that microbial
life shares with man and with other large organisms.
As so often happens, knowledge of the micro-
biology of the atmosphere has had to wait for the
development of techniques. Useful information has
been gained by examining dust deposited from the
atmosphere, particularly on horizontal, sticky slides
or culture dishes. But ultimately we need to sample
a known volume of air and extract the microbes from
it quantitatively. The microbes extracted can then be
examined directly under the microscope, or inocu-
lated, either to culture media or to susceptible
animals or plants. I shall deal mainly with visual
methods.
In this research, selecting the technique appro-
priate to the object in view is vital. Choice will be
influenced by the scope of the inquiry. If we seek a
bird's eye view of the whole range of organic
particles in the air we must choose techniques that
are as non-selective as possible. For the large
microbes such as pollen grains, cryptogamic spores,
and algae, this probably means choosing a visual
microscopic method, because almost the only useful
property that all these organisms have in csmmon is
their visibility under the microscope. This method
is less useful for bacteria because they commonly
travel attached to dust particles that usually obscure
them under the microscope.
On the other hand, when our object is to know
more about the occurrence of a limited taxonomic
group (even of a single species) or to know more
about the organisms sharing some special biochem-
ical activity, then the technique will be made as
selective as possible: aerodynamical dodges will
reject unwanted particle sizes; selective culture
media or growth conditions will favor the organisms
desired; us_ of the fluorescent antibody technique
may be envisaged. For preliminary reconnaissance
in the upper air we should choose non-selective
methods.
Atmosphere Near the Ground
Possibilities for the study of individual organ-
isms of importance in health or agriculture are
endless. But we still need to map the air spora in
its broadest aspect by non-selective methods in
many parts of the atmosphere where we have as yet
the most fragmentary knowledge. Only in air near
the ground in temperate regions has enough been
done for some of the main features to emerge.
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Progress in this knowledge has been specially
advanced by the development by Dr. J.M. Hirst
(1952, 8) at Rothamsted Experimental Station of the
automatic volumetric suction spore trap. This is a
sturdy instrument, making a practical working com-
promise between many conflicting requirements for
continuous air sampling for visual examinationunder
the microscope. Some hundreds of Hirst traps are
now in use all over the world; one at St. Mary's
Hospital, London, England, has been working for 6
years with scarcely a break, except for 2 or 3 min-
utes each day for servicing.
The Hirst trap has done two main things. It
has given precise information about the times in the
day, season, and weather, when spores of particular
plant pathogens are in the air, and so has greatly
improved the timing of sprays and other measures
for disease control.
It has also revealed to us, really for the first
time, the spore flora of the atmosphere in the
±5-_' range and upward. To me it was tremendously
exciting to scan through the first Hirst-trap slides
in which almost for the first time the fluctuating air
spora was laid out for inspection hour by hour under
the oil-immersion lens.
The air spora near the ground is remarkable
for its diversity; our catches have provided many
puzzles in identification of unknown flying objects.
Identification of pollen has already been well devel-
oped by botanists, but identification of a fungal spore
without the rest of the fungus is only possible in a
few species, though luckily a useful number of plant
pathogens have characteristic spores.
Some small brightly colored spores on our
slides puzzled us for a long time, until gradually it
became clear that they were from agarics. In most
temperate regions, spores of Cladosporium tend to
occur in concentrations of many thousands per cubic
meter of air in summer, by day. At night basidio-
spores of mushrooms and toadstools, and especially
of the minute leaf-inhabiting "mirror-yeasts" (Spo-
robolomycetaceae) are extremely abundant (Gregory
and Hirst, 1957, 5). In outdoor air at night near
Chichester Harbor Dr. T. Sreeramulu and I recorded
a million basidiospores of the Sporobolomyces type
per cubic meter (Gregory and Sreeramulu, 1958, 6).
None of these are revealed by the gravity slide
method, which is strongly biased toward catching
larger particles and is misleading if one wants to
infer concentration in air, although the gravity slide
is satisfactory if one wants to measure what is
deposited on a surface.
Where does the air spora come from? Contrary
to the conclusions of many previous workers who
assumed that it comes mainly from the soil, I con-
clude that it comes predominantly from aerial parts
of plants, etc., above soil level, though possibly in
regions with frequent soil erosion by wind the situa-
tion is different. What is in the air at a given time
and place is controlled by growth of source, and by
meteorological conditions controlling liberation of
spores or pollen, and diffusion while travelling on
the wind (Gregory, 1961, 4).
To summarize the state of our knowledge from
continuous sampling near the ground: we know some-
thing about the cryptogamic spores and pollens in
the air of temperate regions, their differing diurnal
fluctuations in frequency; their diffusion; their occur-
rence in relation to weather and season. For the -
tropics, for the colder regions, and over the surfacb
of the ocean we need much more information.
We also need comparable information on con-
centrations of air-borne bacteria (including actino-
mycetes) out of doors. In air hygiene, indoor bac-
teria have been investigated extensively but outdoor
bacteria have only occasionally been investigated; a
method of continuous sampling in culture for bacteria
and fungi is needed urgently--we have scarcely
advanced on the diurnal curve for bacteria in the air
of Paris given by Miquel (1886, 12, p. 510)(for
instance what has happened to city air since the
internal combustion engine, with its exhaust, replaced
the horse?).
We have no practical sampler at present for
continuous trapping in culture, either at ground level
or at high altitudes. For spot-sampling we find the
Andersen sampler (Andersen, 1958, 1)is excellent
--especially for actinomycetes.
Of viruses we have some knowledge only of
those assisted through air to animal or plant hosts
by insect vectors, and of polyhedral diseases of
insects, but of viruses carried on dust, splash, or
droplet nuclei we are strikingly ignorant. Yet there
is circumstantial evidence for spread outdoors of
the viruses of Q-fever, fowl pest, and possibly
smallpox.
Middle and Upper Parts of Troposphere
Within the troposphere, but out of reach of the
grounded observer, we have some useful information
gleaned from aircraft. One cannot be a guest at this
University of Minnesota without a glance at history.
Even the balloonists contributed information; Black-
ley (1873, 2), an allergist, used a kite, but the serious
study began here in the Twin Cities when Stakman
et al. (1923, 18) started to explore the middle part
of the troposphere from airplanes; they chased the
stem-rust fungus as it moved in spring and early
summer from overwintering grounds in the south, up
the Mississippi Valley to the prairies. They found
viable rust uredospores at least up to 7,000 ft.
North of the 49th parallel Craigie (1945, 3) and
his colleagues showed that in most years the rust
spore cloud infiltrated in significant numbers to
descend upon the Canadian wheat fields; workers
farther south showed that in the fall a return migra-
tion through the troposphere took place, so honor
was satisfied all around. Meanwhile Peturson (1931,
15) made a number of flights over Manitoba and
established the vertical concentration profile of rust
spores under a variety of conditions. This work has
served as a pattern for allied studies in other parts
of the world.
Following this, many flights explored the mid-
dle troposphere for bacteria, spores of fungi and
other cryptogams, and pollen, mainly over land.
Some were made over the arctic, such as flights
by Lindbergh (in Meier, 1935, 111 and by Polunin
(1951, 16) and his co-workers. But study of the
atmosphere over land in the tropics has been badly
neglected, although it promises to be of the greatest
interest.
From Montreal, Pady and Kapica (1955, 13),
Pady and Kelly (1954, 14) explored the air routes in
two return flights over the north Atlantic for fungi,
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• bacteria, etc., at up to 9,000 ft. They recorded
important differences between air masses of dif-
ferent origins. I don't propose to discuss this aspect
now, but one result of these flights is impressive.
- At 8,000 to 9,000 ft pollen grains seem relatively
frequent in contrast with their scarcity in catches
just above the water surface made from ships in mid-
ocean. The data are all too scanty, but we find
a distinct suggestion that in the middle troposphere
over the ocean, microbes are more abundant than
near the surface of the sea. This finding needs further
exploration. Meanwhile an explanation is not hard to
find. Dr. Junge provided it in his talk before this
group.
The spore cloud in the middle troposphere
over the north Atlantic must be made up chiefly of
the tails of the distributions of all the point sources
on the continent upwind. We can imagine conditions
over land and ocean interacting somewhat like this:
1. A spore cloud rising and increasing in
concentration as it passes over land, but note that
part of this cloud is also deposited on the land, as
the land acts as a sink as well as a source.
2. As the cloud reaches the open sea, sources
are left behind (only the sink effects remain) and a
cleared zone gains height with distance from land,
though turbulence continues to bring spores down
from overhead.
3. Air below a rain cloud will often be washed
almost completely clean.
All these factors could well operate to produce
the postulated greater microbial concentration at
high altitudes over mid-ocean, with smaller concen-
trations near the surface.
Clearing of the base of the spore cloud has
actually been briefly reported by Hirst (1961, 9),
using a special suction trap installed in aircraft of
the Royal Air Force MeteorologicalResearch Flight.
Under somewhat unstable atmospheric conditions, the
concentration of most spore types declined logarith-
mically with height. But the .uredospores of Puccinia
graminis were in greatest concentration at between
3,000 and 5,000 ft. Probably most components of the
air spora, such as the mold, Cladosporiam, originated
on the continent of Europe close to the sampling
areg, in contrast to the cereal rust spores that
probably originated from crops in southern Europe,
and in respect of which the air mass had been partly
cleared from below in passing over non-rusted land
areas which were acting as a sink.
Long-distance transport of spores and pollens
over the ocean must proceed on a considerable
scale. The occurrence of Notofagus pollen in peats
of the remote island of Tristan da Cunha in the
south Atlantic, approximately 3,000 miles from the
nearest source in South America, has now been
confirmed (Hafsten, 1960, 7).
Upper Atmosphere
If we characterize our knowledge of the middle
and upper part of the troposphere as tantalizing and
extremely fragmentary, we have to admit that our
knowledge of microbial life in suspension in and
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above the stratosphere, is practically confined to the
Explorer II balloon ascent of 1936 (Rogers and Meier,
1936, 17). With renewed interest in the topic, how-
ever, we are keenly awaiting reports of new explora-
tion. Meanwhile knowledge can be eked out with
speculation.
Excluding minute contributions from emana-
tions from the cabins of jet aircraft, we can
imagine three possible sources for microbial life
in the stratosphere.
A. ENTERING FROM OUTER SPACE. If any
such microbes remain viable we should expect to
find them able to tolerate radiation to a degree
uncommon among organisms frequenting the lower
layers of the atmosphere or else to be carried on
cosmic dust particles and micro-meteorites in a
position shielded from radiation.
B. AUTONOMOUS INHABITANTS. The possi-
bility of a true aeroplankton, consisting of microbes
passing their entire lives in suspension [as suggested
by McLean (1935, 10), for the tropospffere] is per-
haps almost as plausible for the stratosphere,
where the risk of removal by rain and snow is
negligible. From analogy with microbes surviving
well after journeying in the troposphere we should
expect these, if they exist at all, tobe pigmented and
insensitive to radiation.
C. ENTERING FROM TROPOSPHERE. Evi-
dence of some regular mechanisms allowing inter-
change between troposphere and stratosphere, has
been discussed in Dr. Danielsen's and Dr. Junge's
papers at this conference.
Any such mechanism could carry air-borne
microbes from the troposphere intothe stratosphere,
even perhaps from the spore-rich lower part of the
troposphere.
In any case microbial exploration of the upper
air should make a definite contribution in its own
right to knowledge of air interchange between tropo-
sphere and stratosphere.
Sampling Problems of Upper Atmosphere
This new knowledge, however, can be gained
only by an extensive sampling program; the condi-
tions imposed at high altitudes raise special techni-
cal problems that limit the suitability of any equip-
ment designed for use near ground level. Most of
these difficulties arise simultaneously with require-
ments for sampling in the upper part of the tropo-
sphere.
Concentrations in the upper air will probably
be very small. Therefore to collect significant
quantities of microbes, very large volumes of air will
have to be sampled. Conventional apparatus, such as
slit samplers, impactors, impingers, bubblers, and
filters, are designed to handle a relatively small
through-put [flowJ, of say one cubic meter of air
per hour. This probably needs to be increased a
hundred- to a thousandfold.
Sampling during a parachute descent probably
does not involve any additional aerodynamical diffi-
culties, but this is not true of sampling from moving
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aircraft at speedsof 400mphandupward.Conven-
tional equipment,if it approachesrequirementsforisokineticsamplingat all, will needre-designingfor
intakespeedsof 100timesthoseinuseat present.Ratherthanre-designthem,it maybe preferable
to introducequitenovelmethods.
If attemptsaremadetogrowtrappedmicrobes
in culture, as surely they mustbe for bacteria,
actinomycetes,andyeastsandsoon,thentheparti-
cles mustbe protectedfrom theair after capture.
Viability maybequicklylost if a cell is exposedto
a fast movingstreamof the sameair, inwhichit
couldfloatquitesafelyin suspension.
Thedangersofcontaminationmustbestressed,
as they presentseriousproblemsat all stages:
duringpreparation,duringpassagethroughthelower
atmosphereinbothdirections,andduringsubsequent
handlingin the laboratory.Sterilizationofequipment
andmicro-filtrationof all air andreagentswill be
essential(at leastduringthepreliminarystages)
until thestratosphericair sporacanbedemonstrated
with certaintyat concentrationsgreaterthanthe
levelof laboratorycontaminants.Andin thelabora-
tory unexpectedhazardsarisefrom suchcausesas
crawlingmites,andmoldsgrowingonpaintedsur-faces!
Precautionsto betakenagainstcontamination
will dependuponthetechniquesemployed.Samplesdestinedfor visualexaminationwill notbeprotected
merelyby ultravioletirradiationof thelaboratory
handlingspace,becausea sporecannormallybe
visuallyrecognizablealthoughkilled.
At this point a word must be said onthe
hypotheticalvanishingof sporesfrom the atmos-
phere.Theproteinsandcarbohydratescomprising
spores,pollensand their walls, are exceedingly
resistantsubstances,excepto combustionat high
temperaturesandto theactionofspecificenzymes-
bothmostunlikelyto occur in thetroposphere.In
fact, exceptneartheground,theloweratmosphere
with its drynessandlow temperaturemaybecon-
sideredarelativelyfavorableenvironmentfor sur-
vival of microbial life. Until further evidenceis
presentedwe neednot considerthepossibilityof
the air spora losingvisibility (as distinct from
viability)aslikelywithinthetroposphere.Thismay
notbetrue in theozone-richupperstratosphere(or
possiblyin somechemicallypollutedgroundair),
and it wouldbeworthtestingtheeffectsof ozone
concentrationsonsporessuspendedin air, if indeed
thishasnotalreadybeendone.
I mustemphasizeagainthat recognitionand
tracingof contaminantsare importantprecautions
that are closelylinkedwith the problemof recog-
nizingtrappedobjects.
Need for Future Work
With the difficulties that are now apparent, we
clearly need a fundamental study of methods for
removing microbes quantitatively from large vol-
umes of air at high speeds.
This broad, fundamental study should be treate d
as a branch of microbiological engineering. Special
equipment will have to be designed, and tested in the
wind tunnel, for efficiency in trapping mixed aero-
sols of known composition and concentration. We-
have passed the stage when all that is necessary is
to think of a method and to use it.
One possible approach might be to impact
through a forward-facing orifice into a static air
cushion. This air cushion could in turn be sampled
by more conventional devices. For this, possibly a
battery of small cyclone dust samplers, arranged in
parallel, could be used to collect the catch into a
protective liquid silicone.
Such equipment would be used not only for
probing the stratosphere and beyond up to near the
limits of our atmosphere, but also for sampling the
atmospheres of other planets. Sampling from other
planets will pose problems similar in many aspects
to those in our own atmosphere.
Quite different techniques will be necessary for
detecting microbial life in space. Here aerodynamic
problems do not arise; neither do aerodynamics
help. The most difficult problems may well be to
bring micro-particles travelling at enormous and
diverse speeds to the same speed as the sampling
device without disruption. The same problem will
face us at the confines of our own atmosphere where
the two problems converge.
Even more rewarding should be the unpleasant
task of sampling lower down in neglected parts of
our own atmosphere--unpleasant because it in-
volves flying through the weather. Surely we should
push ahead with the adequate exploration of our own
atmosphere in time to apply comparisons and tech-
niques when studying the atmosphere of Mars.
The streptomycetes are a most profitable group
for study in the lower stratosphere. Their spores
range from 0.6, or perhaps even 0.5_, up to 1.5_ in
diameter. They are easily liberated in air as single
units and they are relatively resistant to desiccation.
Unfortunately, we know extraordinarily little about
them. If we could compare numbers of spores with
those of molds at various heights in the atmosphere,
we should go a long way to understanding the move-
ment of organisms in air.
Most present effort seems to be directed toward
adapting bacteriological culture methods. This is
good, but I want to urge the importance of also using
visual methods. It is good that most of the effort is
toward the adaptation of bacterial techniques, but
cultures are selective. Many interesting and impor-
tant microbes cannot be grown in culture, at least
not by ordinary methods. Examples are the pollens,
the rusts, and many other plant pathogens. Cultiva-
tion of viable microbes is important, but we must
not miss the non-viable and the viable-but-non-
cultivable microbes.
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Discussion
Frommhagen -- You mentioned the fluorescent
antibody technique. To your knowledge, what appli-
cation has been made of this technique to the study
of air samples?
Gregory--None as far as I know. It seems a
promising one. We're hoping to use it.
Solomon- Dr. Gregory, on the slides that you
showed of Hirst spore trap samples, I noted a grid
with which I am not familiar. Could you tell us the
quantitative or qualitative significance of the grid
superimposed on your collection?
Gregory -- The grid is simply a graticule inthe
ocular lens of the microscope (8). It's used to
demarcate areas during counting. It was left in by
accident, but it's not a bad idea in fact, because one
can remember that a grid square represents a par-
ticular volume of air sampled.
Danielsen- There have been many filter sam-
ples made with aircraft in the stratosphere to cap-
ture radioactive particles; many of these filter
papers are still available because they have been
saved for isotopic analyses. Could they be utilized?
Could they be examined to see if some of the types
of materials you're interested in have been captured?
Greene- One of the important things to note
is that these experiments have to be designed before
they go up rather than after they go up; if no pre-
cautions are taken to preclude contamination both
before and after the sampler comes down, and one
finds contamination on those filter papers--then
what is one going to say? No one would know from
where it came. The concentration of this material
at ground level is so overwhelming that all you can
do is, well, hold another conference to decide what
was found.
Gregory--One of the troubles is that filter
paper isn't as good optically as a membrane filter.
One can make a membrane filter practically trans-
parent, but filter paper is more difficult to use for
microscopic examination. This does not matter for
radioactive work.
Convenor:A.H.Brown
Sampling Microbiological Aerosols
in the Lower Atmosphere
Charles R. Phillips
and Herbert M. Decker
U. S. Army Biological Laboratories
Fort Detrick, Frederick, Maryland
Abstract _r_/
Much experience has been obtained in lower atmos-
pheric sampling for viable airborne microorganisms
both outdoors and indoors. A large number of sampling
devices have been developed for this purpose. For exam-
ple, 37 different aerosol samplers are described in detail
in a recent Public Health Monograph that was published
jointly by U. S. Public Health Service and U. S. Army
Biological Laboratories. Many of these are not directly
adaptable to low temperatures and low pressures that
exist in upper atmosphere, but basic principles are appli-
cable in most cases, even though specialized devices will
probably have to be developed for any program fpr s afn- _
pling in the stratosphere.
As the title of this paper indicates, this
presentation will chiefly review some of the basic
principles of sampling and a few slides will illus-
trate some of the common types of samplers used
for collecting biological aerosols in the lower atmos-
phere. The lower atmosphere is being emphasized,
because this is where most of the interest has been,
where almost all biological samplers have been
designed to function, and where we have had the
most experience. This information is of interest in
the historical development of sampling techniques
and while much is applicable to upper atmospheric
sampling, this is not always the case. Sampling be-
comes more difficult at reduced temperatures and
pressures and where larger volumes of air must be
handled; these difficulties will be touched upon
toward the latter part of this presentation.
An investigator in selecting any particular
sampling device, should be cognizant of some of
the characteristics of the aerosol being sampled
and any peculiarities of the organisms in which he
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may be particularly interested. He must also decide
if he wants to know 1) the number of individual
viable organisms suspended in a sample of air, 2)
the number of particles bearing several viable
organisms, 3) the size distribution of the particles,
or 4) information relating to all of these factors.
He must consider the conditions of the aerosol to be
sampled, such as the relative amount of inert
material (dust, etc.) present, the environmental
factors affecting the aerosol and the probable con-
centration of organisms. If the'purpose of the sam-
pling program is to determine the number of respi-
rable organisms, only those particles of 5_ or less
should be investigated because larger particies are
usually trapped either in the nasal passage or in
the upper respiratory tract by droplets of saliva,
and/or by mucous and cilia. These large particles
are generally eliminated from the body.
Particulates in a biological aerosol usually
vary in size from less than 1 _in diameter to ap-
proximately 50 _ or possibly larger. These particles
may be composed of a single unattached organism
or may occur in the form of clumps composed of a
number of microorganisms. The organism may ad-
here to a dust particle or may exist as a free float-
ing particle surrounded by a film of dried organic
or inorganic material.
Vegetative types of bacterial cells are prob-
ably present in the air in a lesser number than
bacterial spores, but are more important to health
since they include the primary etiological agents of
communicable diseases. Many vegetative cells or-
dinarily will not survive long in air unless the
relative humidity and other factors are favorable
for survival of the organism or unless the organism
is inclosed within some protective cover. Pathogens
that resist drying, such as the staphylococcus,
streptococcus, and the tubercle bacillus, will sur-
vive for relatively long periods, and therefore may
be carried considerable distances while still viable,
or they may settle on surfaces to be again made
airborne as a secondary aerosol during activities
such as sweeping.
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But interestinglyenough,manymicroorgan-
isms that are still viablein air, havingresisted
drying andotheradversefactors,arekilledduring
collectioneventhoughwethinkthesamplingaction
a gentleone. For example,vegetativeorganisms
that persist dry in air for considerablelengthsof
time, may die extremelyrapidly on dry filters,
wheretheyare simplyrestingoninert fiberswith
air beingdrawnpastthem,rather than remaining
suspendedin thesameair mass.
Methodsfor samplingairbornebacteriain the
loweratmospherearebasicallythesameasmethods
usedto sampledustandotherairborneparticulates.
Sinceit is necessarytopreservetheviabilityofthe
bacteria,whilenotpermittinggrowth,theexisting
samplersat timesaremodifiedfor therecoveryofliving microorganisms.Thebasicmethodsinclude:
1. Sedimentation 5. Centrifugation2. Filtration 6. Electrostatic
3. Impactionon precipitation
solidsurfaces 7. Thermal
4. Impingementin precipitation
liquids
For thoseinterestedin a reviewof thebasic
methodsof samplingit is recommendedthatChap-
ter II of PublicHealthMonographNo.60,"Sampling
MicrobiologicalAerosols,"be read(1).
Quitea fewdifferenttypesof aerosolsam-
plers have beenused for collecting biological
aerosols.Not all of theseareadaptableor recom-
mendedfor routinemonitoring;unfortunatelymany
wereespeciallymadefor certainresearchstudies
andare not commerciallyavailable.Onlyafewof
thesesamplerswill bediscussed,selectedmainly
to showthevarioustypesavailable.Theyare not
necessarilythe most widelyused.For a more
detaileddescriptionof 37differentsamplers,refer-
enceagainis madeto Public HealthMonographNo.60.
Various Samplers
Much use has been made of the agar settling
plate since it is inexpensive and simple to operate,
but the results obtained are qualitative in nature and
give little information on the quantitative concen-
tration of airborne bacteria. It is of interest, how-
ever, in that it was probably the first aerosol sam-
pler, and unto fairly recent times, it was about
the only air sampler in use.
The agar settling plate is simply an ordinary
petri dish containing sterile nutrient agar, from
which the cover is removed for a time so that the
agar surface is exposed to the atmosphere. After
this the cover is replaced and the plate incubated.
The number of organisms settling depend upon air
currents, particle size, and density. This sampler
provides an easy and quick method of determining
the presence or absence of biological contamination
and its quality; however, results can be variable.
It has a place in routine sampling, but normally
only to indicate the presence or absence of species
in question. In addition, use of agar plates at tem-
peratures below 32 F presents numerous problems
associated with adherence of organisms to a frozen
agar surface, as well as growth inhibition of organ-
isms if a freezing point depressant is incorporated."
The agar plate still has its advocates, however,
particularly among those who say it best simulates
the settling of organisms into an open wound during
surgery, for example.
The next simplest type of sampler is that in
which air is drawn through some type of inert
filtering material, as mentioned earlier. In these
samplers, microorganisms are simply filtered or
sieved out of an air stream passing through some
type of solid filtering media. The usefulness of fil-
ter-type samplers depends upon the ability of the
microorganisms being collected to resist the drying
usually associated with filter collection. Spores and
other resistant microbial forms can be readily
collected from the air in viable form by a variety of
filter media such as cotton (Figs. 1 -4), glass wool,
paper, gel-foam, and molecular filter membranes.
Except for the latter type sampler it is necessary
to wash the collected microorganisms off the filter
or to disintegrate the filter media and then to make
plate counts from the wash fluid. The result repre-
sents the total number of microorganisms collected
rather than the total number of airborne particles
containing microorganisms. For those interested
in collecting spores, this type of sampler would
best fit your needs.
There are other ways besides filtration, how-
ever, of transferring aerosols to solid surfaces.
With the cascade impactor (Fig. 5), inertial forces
are used to collect the aerosol particles. The air
passes through a slit a little distance over a solid
surface causing the air stream to make an abrupt
change in direction. Solid particles not making the
turn hit the surface and are held there. This device
is of particular interest in that it contains four
different stages, in which the slits are progressively
narrower so that the air speed and hence the inertial
effects are progressively greater causing a separa-
tion of aerosol particles on the different stages
according to particle size. This instrument was first
used to sample inert particles. Only bacterial
spores or quite resistant microorganisms will sur-
vive this impaction on a hard dry surface, but for
those types one not only gets a total count, but the
size range into which the aerosol particles fall.
Counts are made by washing the organisms off the
glass slides into sterile liquid and then plating
them by conventional means.
Other less frequently used techniques for
transferring biological aerosols onto solid surfaces
are those involving electrostatic forces (Fig. 6) or
heat gradients (Fig. 7).
Perhaps better suited to the demands of rou-
tine use at lower atmosphere are the samplers
where aerosols are impacted on a moist nutrient
surface. Here the effect on the organism is less
drastic than deposition on a dry surface; quite
fragile microorganisms can be sampled without
serious loss in viability. Impactor type samplers
that collect organisms on moist surfaces, however,
are limited to the collection of bacteria and fungi
but not viruses. Examples of these samplers are
the sieve and slit type samplers. The sieve sampler
(Fig. 8) consists of an aluminum container that
holds a standard petri dish. Air is drawn through
small holes and particles are impacted on the agar
surface.
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Fig. 1 (top left). 
Fig. 2 (top riflht). 
Fig. 3 (bottom left). 
Fig. 4 (bottom right). Membrane filter. 
Cotton collector. 
In-line filter paper sampler. 
Modified higher volume air sampler. 
The Andersen sampler (Fig. 9) is essentially 
a cascaded arrangement of s ix  sieve samplers that 
has holes of decreasing diameter in each succeed- 
ing plate. As with the cascade impactor shown 
ear l ier ,  this sampler provides particle size dis- 
crimination as well as total bacterial concentration. 
The Andersen sampler is highly efficient, but the 
increased information is costly in labor and mate- 
rials;  each time a sample is collected, six agar 
plates o r  coated plates must be manipulated. 
The Fort  Detrick sli t  sampler (Fig. 10) also 
deposits microorganisms on a moist agar surface. 
However it furnishes st i l l  additional information 
concerning the aerosol being sampled, that of time- 
concentration relationship. Information of this type is 
desirable when one wants to determine how certain 
activities, such as bedmaking in a hospital ward, 
cause a sudden increase in biological air con- 
tamination. 
The sieve, Andersen, and Ft. Detrick sam- 
plers have the advantage of providing qualitative 
and quantitative information concerning the concen- 
tration of airborne organisms in the environment. 
They a re  all commercially available. The samples 
do not require any further laboratory manipulation 
after collection, since the organisms a r e  impacted 
directly upon the agar surface; after sufficient 
incubation, the colonies can be counted directly on 
the plates. These samplers give, however, not 
total bacteria counts, but the count of the total 
number of aerosol particles that contain one o r  
more microorganisms. 
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Fig. 5 (left). Four-stage cascade impactor. 
Fig. 6 (right). Electrostatic precipitator. 
Fig. 7 (left). Thermal precipitator. 
Fig. 8 (right). Sieve sampler. 
If both bacteria and viruses a re  of interest to 
the investigator, a liquid impinger or bubbler can be 
used. Many types of these exist, but the all glass 
liquid impinger (AGI) i s  the most widely used (Fig. 
11). Air i s  drawn through the sampler and organ- 
isms contained in the air  a r e  impinged in the 
collection fluid. Normally, samples a re  collected 
for a period of approximately 10 minutes after which 
the liquid in the sampler i s  assayed by standard 
biological techniques. This can be used with o r  
without a pre-impinger, that removes the majority 
of particles larger than 511. The liquid impinger 
requires plating out of the liquid sample; results 
a r e  best expressed in terms of total organisms, for 
large particles consisting of several  organisms a r e  
broken up in this sampler during collection. The 
data from this source represent not the number of 
particles found in the a i r  but the number in the 
disintegrated clumps. 
One might expect, therefore, that if a com- 
parison is made between the solid media impac- 
tion samplers and liquid impingers, the resulting 
counts would be higher with the liquid impinger. 
This could lead to an erroneous conclusion that 
the liquid impinger indicates a higher concentra- 
tion of organisms in the air sampled than the 
other type samplers.  
The AGI is only one of a large number of 
somewhat similar samplers that transfer aerosols 
into small  volumes of liquids; impingers o r  bub- 
blers similar to the AGI a r e  not illustrated. As a 
general class,  this is the type of sampler against 
which most others a re  evaluated since microorgan- 
isms a r e  collected without too muchphysical s t r e s s ,  
into buffered liquids where they a r e  in a more 
favorable environment than when dry in a i r ,  and 
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Fig. 9 (left) .  Andersen sampler. 
Fig. 10 ( r ight ) .  Fort Detrick slit sampler. 
clumps of organisms a r e  separated into individual 
cells by the agitation. These samplers almost in- 
variably give the highest number of viable counts. 
The last two figures represent samplers that 
a r e  also concerned with collection into liquids; 
while neither is too widely used at present, both 
present another aspect of sampling, one which has 
application to upper atmospheric sampling. Most of 
the samplers previously described have been de- 
signed for use where microorganisms a re  expected 
to be numerous, and precautions often have been 
necessary to ascertain by short sampling times, 
sampling rates,  o r  appropriate dilutions that colon- 
ies a r e  not too numerous to be counted on plates 
being examined. 
With the Venturi scrubber-type sampler (Fig. 
12), fairly large volumes of air (25-850 liters/ 
minute depending upon size of the unit) can be sam- 
pled and i ts  aerosol contents a r e  placed in a rela- 
tively small  volume of liquid that recirculates 
through the unit. 
A quite recent development, a large volume 
air sampler (Fig. 13), was developed under contract 
with our laboratories by Litton Industries. Through 
this sampler 10,000 li ters of air a minute a re  
drawn and the particulate content transferred to 
10 ml of liquid with high efficiency. Currently 
glycerol is being used, as a collection fluid, since 
evaporation is too great at these a i r  flows to use 
aqueous solutions. Some microorganisms are  not 
too tolerant of glycerol, so other non-volatile, 
relatively inert solvents that do not affect viability, 
such as certain silicones, a r e  being investigated. 
The sampler was designed to collect a large enough 
number of microorganisms that a sufficient quan- 
tity of material would be available for chemical 
examination, hence preservation of viability was not 
originally a prime consideration. This is an indica- 
tion, however, of the direction in which sampler de- 
velopment must occur if effective measurements of 
viable microorganisms in the stratosphere a r e  to be 
accomplished. This sampler can handle large vol- 
umes of air, operate at low pressures and at low 
temperatures where samplers that utilize aqueous 
collection media a re  inoperable; this sampler also 
immediately deposits aerosol particles into a small  
volume of liquid, which can be protected easily 
against contamination. 
Sampl ing  Di f f icul t ies  
The problems of upper atmospheric sampling 
a re  much more complex than a re  the problems of 
collection at ground level. This statement is true 
even when one ignores the auxiliary problems of 
reaching the stratosphere and having an adequate 
power source once there. Concentrations of micro- 
organisms in the upper a i r  if present at all a r e  
certainly expected to be sparse;  thus it is necessary 
to sample large air volumes. Second, the samples 
must be brought to ground level without contamina- 
tion by organisms encountered during descent. With 
increase in air pressure as the sample is delivered 
to the lower level, it i s  imperative that the sample 
be enclosed in an airtight, leak-proof container to 
eliminate the risk of biological contamination of 
organisms certain to be found in the lower atmos- 
phere. This is particularly true if samples a r e  
taken on large inert surfaces such as  filter paper. 
If it is impossible to develop an air tight sampler,  
then an ultra-efficient filter, such as  a membrane 
fi l ter ,  should be used to serve as a breathing 
mechanism to permit equalization of pressure.  
Another severe problem is that of tremendous 
temperature changes. This temperature effect is 
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Fig. 11. All-glass impinger. 
twofold. Firs t ,  it i s  possible that microorganisms, 
viable in the cold upper atmosphere, will die off 
when brought into the warmer temperatures before 
one has a chance to remove the sample and transfer 
it into a suitable culture medium. This transfer can 
be accomplished rapidly, if required, at ground 
levels. Hours may necessarily elapse, however, 
before a sample collected above 100,000 ft, for 
example, even reaches a laboratory. 
Another temperature problem is  that of sam- 
pling at any altitude when temperatures a re  below 
freezing. The problem has been insufficiently in- 
vestigated even at ground level. One reason for this 
may be that there has been more interest in indoor 
microbial contamination than in outdoor counts; 
naturally, building interiors, as in hospitals, bar- 
racks, and the like, a r e  almost invariably heated. 
Another reason may be that we lack a stand- 
ard against which to evaluate the efficiency of 
samplers operating at much below freezing. As 
mentioned earlier, those samplers, as typified by 
the AGI, which collect in a liquid medium usually 
give the highest counts and are  used as  reference 
standards. At temperatures above freezing we know 
that those samplers that collect on dry surfaces 
a re  much less efficient, except with the most res is-  
tant microbiological forms. These liquid impingers 
however, become completely inoperative at temper- 
atures much below freezing, since chemical addi- 
tives to lower freezing points, or heating jackets 
can make them operative for only a few more 
degrees below freezing. One suspects that the 
deleterious effect of collection on a dry surface. 
becomes less severe at temperatures below freez- 
ing, but this is difficult to demonstrate experimen- 
tally since reference standards a re  not available. 
. 
While not too much is known about micro- 
biological sampling in the stratosphere, several  
recommendations can be made. One important con- 
sideration is that special samplers will have to be 
developed, just as special purpose samplers have 
been developed for other requirements. These sam- 
plers should be carefully evaluated as to efficiency, 
before the considerable effort to transport them to 
the stratosphere for test  purposes. 
Such evaluation is not necessarily simple. 
Samplers designed to operate at ground levels have 
been extensively studied as to their efficiency in 
evaluating known biological aerosols, in simple 
aerosol chambers, particularly when compared 
against one another. Volumes to be sampled a r e  
small; no temperature or pressure controls a r e  
required, hence such tests can be simple. Chambers 
simulating the stratosphere a r e  much more complex, 
elaborate, and expensive, but they do exist. Biologi- 
cal aerosols can be se t  up in large chambers that 
operate at reduced temperatures and pressures and 
the performance of biological samplers can be 
determined there. Such planning studies should be a 
prerequisite to developing biological samplers de- 
signed to operate in the stratosphere. Much of the 
experience from ground level sampling is applicable 
to this problem, but considerable expansion of this 
technique must be undertaken before we can obtain 
Fig. 12. Venturi scrubber.  
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Fig. 13. Large volume air sampler. 
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stratospheric biological data in which we can have 
complete confidence. 
One problem not considered so far in this 
paper is what one does with a biological sample, 
once collected, whether at ground o r  stratospheric 
levels. Assessment techniques, media composition 
and steps undertaken once the sample reaches the 
laboratory a r e  a related, but different subject, and 
one which does not depend too greatly upon the 
altitude at which the sample was taken. No true 
enumeration of total viable microbiological aerosol 
count can, under present techniques, be obtained at 
any level. Aside from the completely different re -  
quirements for propagation, and hence enumeration 
for such different microorganisms as bacteria, 
fungi, viruses, and rickettsia, one cannot even ob- 
tain a true count of any of these broad classes. 
Consider, for example, bacteria and only the clas- 
s e s  of aerobes vs. anaerobes. True aerobes and 
t rue anaerobes will not grow on the same media. 
If one divides a sample, however, and puts half on 
each type of media, there is always a class of 
facultative anaerobes that will grow on both, so that 
the combined counts will contain duplications and be 
too high. 
All that one can say of any biological sample 
taken either at ground o r  stratospheric levels, is 
that it contained certain numbers of microorganisms 
that grew on various types of defined media, and 
hence contained at least that minimum of a viable 
population. 
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D i s c u s s i o n  
Cole -On the large volume air sampler, did 
you ever look for the larger particles? You were 
talking about 6 P on down. 
Phillips - I'm sure  we had large particles. We 
weren't particularly interested in them, but at  this 
5-ft level we should have had some large particles. 
Some of the glycerine collecting fluid was diluted 
and examined under the microscope to check on 
this, following a test with artificial aerosols s e t  up 
outdoors. The fluid was not only plated out to 
determine viable count but also examined micro- 
scopically to see  if we were collecting enough 
materiai. Actually, Mr .  Lundgren did this work. 
Lundgren - The large volume air sampler 
inlet was at a 5-ft height to correspond to all the 
other biological samplers which sampled at the 
5-ft height. The inlet velocity was about ten feet 
per  second. The screen over the inlet was to keep 
flies, etc., out. Particles smaller than about l o o h  
could get through the 125- CL openings in the screen 
and be collected out by the sampler. These tests 
were conducted in Canada, where the a i r  was 
extremely clean. Predominantly all  the particles 
collected were in a size range from 0.1 to low, 
however, we did find a few 100hparticles. 
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Abstract  3qqq
Bacterial endospores are more resistant to an
unfavorable environment than any other living system
known. This discussion deals with those factors that
contribute to this resistance. Roles of calcium and
dipicolinic acid in contributing heat resistance to the
spores and also resistance to desiccation will be dis-
cussed. Spores' limits of tolerance to heat will be
discussed and also stability of this tolerance during
storage.
Resistance of the spore is related to its affinity
for water. This brings into focus the question of the role
of bound water in spore resistance to desiccation. One
needs to ask if the water in spores is bound or if the
spores are, in fact, dry in presence of water.
its possession gives to the species, for such high
temperatures are rarely met with in nature. This
resistance is perhaps present only because of a
secondary manifestation of the evolution of a mech-
anism of survival (I). But one can be certain that
this resistance confers on the organism a superior
ability to survive under unusual ecological conditions.
The knowledge that the spores are heat-resis-
tant dates back to the experiments of Tyndall and
the controversy over spontaneous generation. Tyn-
dall noticed that boiling hay infusions for as long as
5 hours or more did not with certainty render them
sterile. Airborne spores caused non-sterility of
such preparations. (It is well _nown that the vege-
tative cells of the different species vary in their
resistance to heat; in general, they can be rendered
non-viable by exposure to 80 C for 5 to 15 minutes.
The spores, however, are much more resistant to
heat than are vegetative cells, although the degree
of resistance varies considerably from species to
species. A few examples of the survival time of
various species of spores at a fixed temperature
are presented in Table I. The resistance to I00 C
ranges from 1 minute to almost 20 hours.)
Spores are more resistant than vegetative cells to
radiation. Organic compounds containing disulphide bonds
such as found in cystine confer a limited protection to
biological materials against irradiation. Bacterial spores
have been shown to possess macromolecules rich in
cystine-like structures. The kinetics of incorporating Organism
radioactive S 35 into cystine-like structures during spor-
ulation indicates that the increase in eystine-rich struc- j
tures corresponds with the increase of the radioresi_'/_ Bacillus anthracis
tance of the cell. t_ _b_ Bacillus subtilis
The bacterial endospore is one of fhe few Clostridiura caloritolerans
biological systems that can withstand severe ad-
verse environmental conditions. Spores are able to Flat sour bacteria
withstand moderately high temperature, severe and
prolonged desiccation, or abnormally high irradia-
tion. In comparison with vegetative cells of the same
species, spores exhibit a considerably higher resis-
tance to heat and other unfavorable conditions. It is
rather speculative whether or not resistance to heat
has developed because of any real advantage which
Table I
Thermal Death Time of Bacterial Spores
To kill at I00 C,
time, rain
1.7
15-20
520
Over 1,030
What is the basis for the thermal resistance
of bacterial spores? This question has attracted in-
vestigators probably ever since spores were dis-
covered. In spite of intensive inquiry into the nature
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of thermostability, we still do not have more than a
fragmentary knowledge about the subject. One can
visualize the spore as possessing a core containing
specialized structures full of normal complements
of the constituents of the vegetative cell, but dehy-
drated and protected by a hydrophobic structural
coat. On germination, the hydrophobic barrier is
lost, the cell becomes permeable to water, and
when suitable concentrations of water are made
available the machinery of the cell becomes opera-
tive, making the cell ready for growth and division.
An experimental approach to understanding
the structure which may be responsible for thermal
resistance was initiated by the late Dr. G. M. Hill
(10) and continued by Powell of the same laboratory.
Dr. Hill found that when he added spores of Bacillus
me_aterium to a nutrient medium they germinated
rapidly. Within a few minutes they lost their refrac-
tility (used as a criterion) and their heat resistance.
Later on, Powell and her collaborators studied
germination in order to understand the structure
which may be responsible for thermal resistance.
On germination the spores of Bacillus megaterium
excreted dipicolinic acid (DPA), a few peptides, and
a large amount of Ca ++ ions. The residue on evap-
oration of the "germination exudate" amounted to
roughly 30% of the dry weight of the spores (18).
Calcium dipicolinate constituted about 50 to 60% of
this material. Powell postulated this as a working
hypothesis: "the spore is a highly condensed, water-
proof structure which has been stabilized by the
incorporation of calcium dipicolinate and by the
spore coat" (17).
Investigations by several other workers led to
the finding that DPA is a normal constituent of
bacterial spores (both aerobic and anaerobic). The
release of this acid correlates well with the loss in
heat resistance; this provides circumstantial evi-
dence for the implication of this compound as one of
the essential structural elements for the unique
thermostability of bacterial spores. Experiments on
the activation of dormant enzyme systems (through
heat shock, germination, or mechanical rupture)
also show a correlation between release of the DPA
and activation of the enzymes (16).
only 5% or less of the DPA generally present in-
heat-stable spores.
Church and Halvorson (3) found a relation-
ship between the DPA content and the rate of"
thermal inactivation of spores of B. cereus strain T.
The rate of thermal inactivation indicated abiphasic
dependence upon the DPA content of the cells.
As mentioned earlier, a second substance
excreted in abundance during germination is cal-
cium in the form of a chelation compound with DPA.
Curran's (4) analysis of the elemental inorganic
constituents of the vegetative cells and spores of an
organism showed that spores contained a high amount
of calcium. Vinter (21) observed that the accumula-
tion of calcium correlated with the development of
thermal resistance. Experiments with Ca 45 indicated
that the accumulation of Ca 45 probably coincided
with the synthesis of DPA. Our experiments on the
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Fig. 1. Progress of growth, sporulation, dipico-
linie acid (DPA) synthesis and formation of thermal
resistance in Clostridium roseum.
We have demonstrated that the biosynthe-
sis of DPA is complete before the spores ex-
hibit their property of thermostability. In Fig-
ure 1 is shown the progress of growth, spor-
ulation, and DPA synthesis in an "active culture"
of an anaerobe, Clostridium roseum. Note that in-
tracellular structures (which stained like spores)
were formed before the synthesis of DPA took
place. These structural spore-like forms, how-
ever, developed thermal resistance only an hour
or more after the maximum synthesis of DPA was
complete (8).
Our experiments with an aerobic organism,
Bacillus cereus strain T, provide further evidence for
the fact that DPA plays an essential role in the
development of thermal resistance. When we added
ethyl oxamate to cultures of B. cereus strain T.
[grown in a glucose-yeast extract ("G" medium)]
the cells progressed normally in their morphologi-
cal development and formed spore-like bodies which
possessed practically no thermal stability [Table II
(7)]. These heat-labile spore-like bodies contained
incorporation of Ca 45 in ethyl oxamate-inhibited
cultures, however, showed that the calcium ac-
cumulation occurred independently of the synthe-
sis of DPA (Table III).
On the other hand, normal DPA synthesis can
be obtained when calcium is replaced by strontium;
the resulting spores are heat sensitive (20). The
thermal resistance of an organism is dependent upon
the composition of the sporulation medium. Adding
divalent cations such as Ca ++, Mg ++, and Mn ++ to
the medium resulted in increased thermal stability
of the spore (13). Sporulation in low calcium medi-
um produced heat sensitive spores.
The concentration of proteins by a process of
dehydration has been postulated as responsible for
the resistance of a spore. It has been suggested that
the great capacity of the spores for bound water
might be causally related to its high Ca ++ content.
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Table II
Thermostability of Cells Obtained in Ethyl Oxamate (I0 -2 molar)
Inhibited Cultures of B. cereus Strain T
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Spore-like bodies
octyl alcohol stable Heat-stable.**
Type of culture pH cells/re_l* cells/ml
Spore inoculum 2 x 108 6 x 105
Active culture 5. 8$_v 4 x 108 8 x 105
Active culture 5. 2_ 7 x 108 1. 5 x 105
Active culture 5. 8¢ 6 x 108 6 x 105
Active culture 7.1 ¢ 1. 5 x 109 1.4 x 108
Active culture 7. 9¢ 8 x 105 2 x 108
sSpore-like bodies remain viable in the presence of octyl alcohol (0. 1%) whereas vegetative cells do not.
$$Cells are exposed to 80 C for 15 minutes before plating.
$_'$¢_Indieates fall or rise of pH in the culture.
This brings up questions of how much water
is present in the spore, and in which form it exists.
Henry and Friedman (9) reported that spores con-
tained 58% of their wet weight as water while the
vegetative cells contained 80% as determined by the
loss of weight at 110 C. Using the cryoscopic
method, they estimated that a relatively high per-
centage of water in the spores was in the bound
state. These investigations led to several studies
about the relationship between moisture and heat
resistance (2).
We have examined the activity of spores at
different moisture contents as manifested in equi-
librium vapor pressure [Fig. 2 (22)]. The spores
were dried to constant weight in an electric oven at
110 C while ventilated by a continuous stream of
air at atmospheric pressure; they then were al-
lowed to rehydrate by exposure to a moist atmos-
phere. Samples were taken at intervals during the
rehydration cycle; equilibrium vapor pressure and
moisture contents were determined by standard
techniques. The results showed that vegetative cells
were more hygroscopic than spores. In other words,
spores exhibited a low affinity for water; the polar
groups necessary to attract water were somehow
masked. The heat resistance may be a result of
"bound protein" rather than "bound water." In other
words, the spore produced is dry in the presence of
water.
Ross and Billing (19) arrived at similar con-
clusions by measuring the refractive indices of
vegetative cells and spores. They observed the
refractive index of spores to be very high compara-
ble to that of dehydrated proteins; they suggested
that the spores contained only a little water. Their
observations gained further support through the
experiments of Murrell and Scott (15), who studied
the thermal resistance of bacterial spores at vari-
ous water activities.
Table IH
Incorporation of Ca 45 into Spores of 8. cereus Strain T in Presence of Ethyl Oxamate
Time
ethyl oxamate Heat-resistant Ca 45 DPA
added, hrs spores, T0 Incorporation% T0 In spores_'$, To
... 100 100 100
0 0.5 54 3.5
2 8.5 67 4.2
4 5.0 64 4.8
SDPA was estimated by the method of Janssen, Lurid, and Anderson (11).
45.
_'$Ca incorporation was measured by filtering a known volume of spore suspension through a milli-
pore filter and determining the radioactivity on the filter directly with a gasflow counter.
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Thehighmoistureactivityofthewaterin the
spores also hasa bearingon the resistanceof
sporesto desiccation.Thelossof waterthattakes
place duringdesiccationprobablyhas little effect
uponthe internalstructureof thecells,sotheyare
not injuredby drying.This is alsotrue for some
vegetativecells, particularly the staphylococci,
although,in general,vegetativecells of mostspe-
ciesare moresensitiveto dryingthanarespores.
It is the generalbelief of microbiologiststhat
sporesin adry statecansurvivealmostindefinite-
ly, evenin air. If a largenumberof sporesis dried
and stored in air, a fair portionof thecellswill
die, but a largeportionwill remainunchangedfor
longperiods.
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Survival-dosecurvesindicatethat lethaldosageis
directly proportionalto thenumberof cells irradi-
ated(5).
Lewis (14)claimsthat thermalresistanceis
dueto thefactthatthecalciumdipicolinatesqueez-
es out thewaterfrom thecell, sothattheproteins
are keptdry. Hestatesthat anythingonedoestobreakthis complex(bymechanicalruptureor other
treatmentthatwill let the proteinsabsorbwater)
will causethe cell to loseits heatresistance.He,
therefore,maintainsthat onecouldevenbreakthis
resistanceby simply applyingpressure.Hesays
that if onetakessporesonaglassslideandapplies
pressurewith anotherglassslide,hecanbreakthe
structure andcausethe sporesto losetheir heat
resistance.If thisis truethenwemayneedto wor-
ry aboutheimpactionmethodfor collectingspores.
If sporesreallyhita solidsurfaceata highvelocity
one may well breaktheir structureandlosethe
heat resistance;thesporesmaynot survivelong
enoughto begrown.
The physical state in whichthe cells areirradiatedalsocontributedto thesensitivitiesofthe
organism.Koh,Morehouse,andChandler(12)ob-
served that moist sporesof bacilli were more
resistantto cathoderaysthanweredried spores,
whereasfrozen sporeswere less resistant than
moistspores,butmoreresistanthandriedspores.
Organiccompoundscontainingdisulfidebonds
suchascysteamineandcystineconferonbiological
materialsa certainprotectionagainstirradiation.
Thesecompoundsare capableof forming mixeddisulfideswith the SH-groupsof theproteins;they
offer radiationprotectionfor proteins(6)byacting
as "sinks" for the electronsproducedby irradia-
tion. This latter observationled to an analysisof
cystine-richcomponentsin bacterialspores.The
cystinecontentof sporesis aboutfive timeshigherthanthat of vegetativecells (22).Duringthespor-
ulationof B. cereus , the cystine content of the cells
increased as the young refractile fore-spores de-
veloped. The sensitivities of the vegetative cells and
the cells with the maximum complement of cystine-
rich structure to radiation were determined. More
cystine-rich cells survived than vegetative cells.
The kinetics of incorporating S35-cystine into the
sporulating cells of B. cereus correlated well with
the increase in radiation resistance of the culture
(Fig. 3) (data taken from Vinter, 23).
It's common knowledge among investigators
working with spores that if one treats spores with
any injurious environmental condition such as heat,
chemicals, or radiation, the spores will not all die
at once. They will die according to a logarithmic
die-out curve; this seems to hold true until most of
the population has died, when there appear to be a
few survivors that live much longer than one pre-
dicts by any mathematical formula. These cells also
appear to have a long dormancy, so that it is
difficult to determine whether or not they are viable.
One experiment was performed by a scientist,
who was studying anaerobes. He suspended anaer-
obes in a growth medium, in glass vials. He sealed
the vials by flaming. He then heated them in an oil
vat and placed them in an incubator. Most of the
cells were killed. He then observed these tubes
from time to time to see how long before they be-
came turbid. The last tube began to become turbid
after 2 years of incubation.
Let us now briefly consider the resistance of
bacterial spores to ultraviolet or ionizing radia-
tions. Interest in this area is rather recent and
knowledge of radiation resistance is limited. Spores
definitely seem to have a certain amount of protec-
tion against ionizing radiations which vegetative
cells of the same species do not have (Table IV).
In conclusion, we can state that spores are
equipped with a better mechanism for protection
against heat than most living organisms. Further-
more, spores are somewhat more resistant toultra-
violet or other ionizing radiations such as X rays
than vegetative cells. It is doubtful, however, that
the resistance to ionizing radiation of naked spores
is sufficient to protect them during travel in space.
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Fig. 3. Changes in resistance to X rays, cystine
content, and thermal resistance of sporulating cells of
Bacillus cereus. N=number viable organisms (at time t)
after thermal or radiation treatment. N = number viable
o
organisms before treatment. S/V=spores/viable. TCA =
trichloroacetic acid.
Thus, if the spores are suspended into space inside
of other particulate matter they can survive for long
periods of time. These properties indicate that
spores may more likely be able to survive space
travel than other biological forms.
Table IV
Sensitivities of Vegetative Cells and Spores to Cathode Rays$
Highest dose Lowest dose
in megarep in megarep
Conch., showing all showing no
Organism Cell cells/ml survivors survivors
B. mesentericus Veg. 2.1 x 104 ... 0, 3
Spores 5 x 105 1.3 1.8
Bacillus species Veg. 1.9 x 105 0. 05 0. 5
E-594 Spores 5 x 105 1. 7 2. 0
*Mev, van de Graaf accelerator was used as source of irradiation. (Data taken from 12, Koh, Morehouse,
& Chandler).
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Discussion
Bruch--You did not mention anything about
the nucleic acids of the spore. There is a re-
cent paper by Kempner (A)of the National In-
stitutes of Health (published in Science on the
upper temperature limits). With his methods of
analysis Kempner found that the upper limit for
growth of vegetative cells is around 73 C. This
is close to the melting point for double-stran-
ded DNA. Would you care to make any hypothe-
sis as to what the bacterial spore does with its
DNA in order to tolerate the high temperatures
that you have shown?
Halvorson-We don't know. Studies on the
DNA and the messenger, RNA, and spore and
spore-forming cells are just now beginning. A
number of us are studying this.
We feel that the DNA content of the spore
is the same as that of the vegetative cell. The
DNA in spores does melt at about the same tem-
perature as that of the vegetative cells. DNA
in the spore is probably different in its orien-
tation or structure from that in the vegetative
cell even though the DNA may have the same
code. We need to have much more information
before we can talk intelligently about this.
Soffen -- Can you postulate how the ethyl ox-
amate might operate in terms of interfering with
the dipicolinate ?
Halvorson--Unfortunately, I do not have an
answer to that. It appears that one of the pos-
sible intermediates in the synethesis of DPA has
a structure quite similar to ethyl oxamate. We
discovered accidentally that it may be an inhib-
itor (being structurally similar to an interme-
diate compound) in the synthesis of DPA. Here,
again, we need more information. Dr. Sriniva-
san, my associate, has been able to isolate and
identify this compound. We still have to prove
that it can be incorporated in the DPA. This, I
think, is the answer.
Phillips -- I am interested in the moisture
content of spores and vegetative cells at differ-
ent vapor pressures (Fig. 2). We found a dif-
ferent moisture content, depending upon whether
we equilibrated a wet spore at various lower
degrees of relative humidity, or whether we dried
the spores completely and let them rehydrate.
You went up to about 40% RH. Was this rehy-
dration or dehydration?
Halvorson - Dehydration.
Phillips--You dried it and then rehydrated?
Halvorson- Yes, that is correct.
Phillips --We found by measuring on the way
down that they would be a percent or so higher
in most instances. Have you run into this?
Halvorson -- We have run into that. I really
don't know which one to use.
Phillips--We have also noticed that when
a spore is equilibrated at, say, 30% relative hu-
midity (where the cell will have somewhere in
the range of 12, 15% moisture usually) it is con-
siderably less resistant than if it has never been
thoroughly dried prior to rehydration. We can't
figure out why cells which have been completely
dehydrated, then subsequently rehydrated to 30°/0
humidity are more resistant than cells also held
at 30% humidity, which have never been thorough-
ly dried.
Srinivasan--I would like to comment on Dr.
Bruch's remarks. We have isolated a phage in
our laboratory which when used to infect at an
early vegetative stage of the bacterium causes
lysis just before sporulation. But, when we in-
fect the bacteria with the phage just prior to
sporulation after the appearance of the fore-spores,
the genome gets into the spore and the spore
protects the genome at 80 deg. for about 30 min-
utes. This particular DNA still carried the genome
for the phage multiplication; it can be seen by
lysis after germination and outgrowth.
Bruch--I'd like to make a point about the
indications that all forms of heat are equivalent.
With dry heat I found that many of the spores
that have high moist-heat resistance do not have
high dry-heat resistance. Would you care to com-
ment on why a spore would be more resistant
to dry heat than to moist heat?
Halvorson -- I've often been puzzled by the
question. When you try to kill a spore with heat,
does the heat germinate the spore first and then
kill the resulting vegetative cell or does the heat,
in fact, kill the original spore? I am inclined to
believe that the heat kills by making the mech-
anism of germination more sensitive to heat than
usual. This may have different effects upon the
dry spore than upon the wet spore. I don't know
how you're going to prove this assumption; I'm
inclined to believe that the heat actually induces
germination of the spore first, and then kills.
We do know that heating spores does re-
lease dipicolinic acid. We know also that there's
a rather high correlation between the amount of
monodipicolinic acid released and the number of
spores killed. I strongly suspect that this acid
first destroys the mechanism which protects the
cell against heat. Without this protection the cell
will be heat sensitive and die.
Church--Would not dipicolinic acid be a rea-
sonable candidate for the sampling trap?
Halvorson -- The chemical methods for de-
tecting DPA are not sensitive enough to measure
the amount of DPA in a single spore.
i r '
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•_ Phillips--Instead of about 1 or 2 liters a
minute we were collecting 10,000 liters a min-
ute with the last sampler I showed in my talk.
We wanted to do chemical work. That is about
.the ratio between the sensitivities necessary for
picking up an individual spore by viable biolog-
ical techniques (in which there is no trouble at
all in determining the presence of one particle
10 -12 g in weight) and the chemical techniques
which are just about many magnitudes less sen-
sitive. You will have to collect much larger vol-
umes than customary. The chemical methods just
do not begin to approach the biological ones in
sensitivity.
The other factor is that in the stratosphere
we're not interested in the number of spore bod-
ies which may be present, but may not be alive.
One can still find ATP and dipicolinic acid and
a lot of other things after the spore is "killed"
(I won't go into what's really a dead or a live
organism). When the spore no longer multiplies,
those chemicals are still intact for quite a pe-
riod of time, and still capable of being deter-
mined chemically. Their presence does not in-
dicate the presence of life, necessarily; the spores
may no longer be capable of generating or mul-
tiplying.
Tsuchiya -- How much knowledge do we have
about the DPA content, the protein content, or
the characteristics of the proteins found in ther-
mophiles as compared to mesophiles or psychro-
philes? It would seem that the thermophiles are
intermediate between the ordinary vegetative cells
and the spores.
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Halvorson- We know that thermophilic spores
contain DPA; thermophilic vegetative cells do not,
so the resistance of those vegetative cells to
heat is not due to DPA.
Tsuchiya -- There is one thing I should like
to interject here again. I know this is a differ-
ence in point of view. I do not minimize the op-
erational difficulties one bit. We are talking, how-
ever, about sending probes to Mars, to the moon,
etc. It would seem that the biologist has the ob-
ligation of developing the techniques whereby he
can detect organic matter or viable material.
Phillips--We need more sensitive methods
for picking up small amounts of biological ma-
terial chemically. That's why we are interested
in the development of a large-volume air sampler.
Now, you can, of course, go to the moon,
and get large amounts of material which you can
analyze chemically to determine whether there
is any organic material on the moon as well as
if there is any life. The detection of microor-
ganisms which will grow under suitable condi-
tions can be made with a very much smaller
amount of material using biological methods than
can ever be done using organic chemical meth-
ods. Of course, this is with organisms we know.
We know the media in which they grow. Maybe
we can use only organic analysis for exobiologi-
cal organisms because we may never find suita-
ble media. But we'll have to try. To determine
biological material in a sample size of 10 -6 g
(the weight of a million microorganisms) is eas-
ier by standard biological rather than chemical
methods.
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Living airborne microflora have at least two pro-
perties that laboratory microflora do not. First, each
airborne cell has survived innumerable changes in envi-
ronment. Second, each airborne cell maintains its own
life in a _dry" and radiation-filled environment where
enzymatic or other biochemical reactions, if not absent,
are minimal.
Studies of the survival and maintenance of life in
conditions like that of the upper atmosphere might be
accomplished either by surveying the atmosphere for
its living content, or by holding suitable organisms in
controlled atmospheric conditions and studying their
viability for the purpose of extrapolating to natural
conditions. This paper is concerned with the latter
approach.
General techniques employed in study of micro-
organisms in contact with the atmosphere are:
I. Aerobiologieal techniques, wherein cultures are
aerosolized into chambers under controlled conditions,
air is sampled, and survival is studied.
II. Freeze-drying techniques, wherein cultures are
frozen at various temperatures and then placed into a
high vacuum until the moisture content has been reduced
to between five percent and Rome unknown lower limit.
III. Surface drying techniques (desiccation), wherein
cultures are painted onto surfaces and the_bexposed to
a variety of atmospheric conditions. _ j_
1This work was sponsored by the Office of Naval
Research under a contract with the Regents of the
University of California. Reproduction in whole or in
part is permitted for any purpose of the United States
Government.
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Within these broad approaches, specific method-
ologies might be utilized to correlate laboratory envi-
ronment to that of natural conditions. One might vary
relative humidity, temperature, and normal gaseous con-
tent. One might subject dried cells to irradiation of
several types, either artificial or natural. By utilizing
a constant test environment, one can explore influence
of media, strain, chronological age of culture, or presence
of specific chemical additives upon resulting survival
of test org_anism. By maintaining all of these constant.
one can study influence of abnormal gaseous constituents
on survival. Finally, one can examine the kinetics of
action of any one of them, or more generally compare
kinetics of one to kinetics of another.
Examples of aerosol studies include influence of
short bursts of ultraviolet on bacteria aerosolized from
the powdered state. Some cells, while airborne, re-
covered from what seemed to be lethal treatment. If
survivor curves of bacteria, aerosolized after being
subjected to changes in temperature in early growth
phase, are compared with those grown isothermally,
it is apparent that survival in atmosphere is highly
dependent upon history of organisms employed.
Freeze-dried cells have been shown to have a
gaseous uptake, even at moisture levels below 2%; evi-
dently some metabolic functions continue. The act of
rehydration has been studied. Exposure of dried cells
to moist conditions before reconstitution was more
harmful to cell than just adding liquid, but effect was
influenced by temperature. Chronological age of a culture
influences way in which cells survive lyophilization and
storage. Sampling media influenced the number of cells
that grew after storage, but this also varied as a function
of chronological age of culture. Temperature of freezing
and rate of temperature change influenced subsequent
survival in vacuum or in air. Finally, a spontaneous
free-radical signal was found in freeze-dried bacteria
in contact with air. No signal arose if bacteria died
before they were dried, or during the drying step.
The study of bacterial survival undoubtedly involves
consideration of population statistics. Each cell seems to
have an innate capacity to maintain life in a given envi-
ronment for a given length of time. This capacity is
distributed within population and is time dependent.
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Many cells fail to form colonies on specific media when
sampled at a given time, but do so if allowed additional
time, even though stress condition has not been removed;
we call this "recuperation. _ An enriched medium often
failed to support growth of as many colonies from
injured cells as minimal medium did.
Although current techniques may indicate that a cell
was alive at a certain time, they do not indicate if a cell
was dead at that time. When survival capacity of cells is
examined in toto, it is evident that an extremely complex
organization within the cell is required for maintenance
and survival. In many respects this organization re-
sembles an open-ended, dynamic, self-generating servo-
mechanism. Unless the nature of living cells is held
constantly in mind, conclusions drawn from routine
studies could lead one into a false.sense of simplicity
of the problem.
Ever since I read my first science fiction
story I have wondered if life exists on other planets.
If so, whence did it arise? Assuming that living
forms are found in extraterrestrial domains, were
they created in situ or did they migrate--perhaps
from this planet? Can life traverse the vastness
of space and spring forth on alien soil? These were
exciting thoughts and my imagination soared, but
I really did not expect that such questions might
be asked seriously in my lifetime. With the event
upon us, we must be more pragmatic and we
must probe and dissect and finally decide if we can
ask such questions meaningfully.
In 1952, as a graduate student about to be-
come a Ph.D., and fully convinced that I had all
knowledge there was to know, I stated before a
meeting of the local American Rocket Society that
any microbiologist would give his right arm to have
a handful of moon soil to examine. Now, having lost
most of my knowledge somewhere along the way,
I would no longer so willingly risk my appendage,
for I can see many other questions that need
resolution before this simple-minded approach is
possible. In the first place, how can one hope to
reveal alien life when one does not fully under-
stand life in his own environment; in the second
place, if familiar forms are found, how can one
be sure that the sampling device was not con-
taminated by our own atmosphere?
Behold the tortoise" He maketh no progress
unless he sticketh out his neck
Fig. A. Editor's note: While ordinarily such a light
note does not belong in the published proceedings of a
Conference such as this, the editor has taken exception
in this case because it illustrates so readily what the
authors are trying to accomplish. (Reprinted by per-
mission of Conde Nast Publications.)
exist, their origin and their capacity to withstand
stresses of our own surroundings. Although we
actually have little knowledge of these activities
at present, they a.re amenable to study.
We can presume that any viable airborne
microorganism has survived innumerable changes
in its environment and between changes has also
maintained its life under conditions not normally
considered ideal; it is a unique cell. Hence we
need practice in assaying the survival of micro-
organisms, and preferably our practice ought to
be confined in the beginning to simplified envi-
ronments. We propose to examine some of the
attributes of microorganisms, their life and their
survival, and from this examination suggest a
general theory that, we hope, will stimulate further
questions and lead to possible fruitful areas of
new research. Along the way we shall probably
not reach complete agreement, but despite this
we ought to add something to the knowledge of
each of us.
It is necessary to take risks if we are to
resolve these questions. For this reason I have
i,lcluded a bit of philosophy (Fig. A). I hope it will
perhaps set the pace for what I am going to say.
Throughout this conference we have used
words like: viability, survival, stress, recovery,
contamination, resistance, injury; alive, dead; kill,
adapt. The thoughts we have been invoking imply that
we have the ability to detect life and, conversely,
death, insofar as si,_gle cell forms are concerned,
because these ideas are included in the concept
of something being sterile and in the concept of
livi,_g matter surviving stresses of outer space
environment. From a more practical viewpoint,
these concepts imply that we are aware of what
microflora exist in our atmosphere, how they
In our laboratory we have been studying the
survival of airborne bacteria, principally Serratia
marcescens, but others such as Sarcina lutea,Pasteurella
pestis, Escherichia coli: we have also examined some
viruses. We are primarily interested in basic
aspects of microbial survival, but some of the
techniques and findings should be useful in solving
problems normally considered to be developmental.
The principal techniques we employ consist
of exposing known cultures of bacteria to the at-
mosphere and enumerating the living cells as a
function of time. Aerobiology is the study of micro-
organisms dispersed in the form of an aerosol.
Organisms are usually grown in shake flasks and
can or cannot be separated from the growth medium
and suspended in new fluid. The fluid is aero-
solized from an atomizer; the aerosol is usually
mixed with an air stream of known composition
and introduced into holding chambers. These might
be of three types: 1) a simple box or barrel having
a fan to provide mixing and referred to as a stirred
settling chamber (7); 2)a tube or duct wherein
the aerosol is conducted in one end and out the
other and labelled an aerosol transport apparatus,
and 3)finally a rotating cylinder wherein particles
fall at one moment toward the axle and at another
DIMMICK& HECKLY-MICROFIX)RAINATMOSPHERE
"" momentowardthe periphery so that diffusional
forces are responsiblefor most of the physical
loss of material; gravitationalforcesarealmost
eliminated.Particlesaboutonemicronindiameter
-have been maintained in a rotating drum for up
to 2 weeks.
In Figure 1 are shown typical results obtained
in a stirred settling chamber. In general it is
representative of data obtained with aerosol trans-
port units during shorter intervals of time, and
with rotating drums over longer intervals. There
is a period of rapid loss of viability followed by
a less rapid loss; there is a marked difference
between the extent of survival at 53% and at 46%
relative humidity (RH). Commonly this effect is
delineated by estimating survival in terms of decay
constants (an assumed single-hit mechanism) and
plotting the constants against relative humidity.
When this was done with aerosols dispersed from
the dried state (4) (Fig. 2), two areas of minimal
survival were noted (15% and 60% RH). The pattern
was different from that found with atomized bac-
teria and the overall replicability was less than
satisfactory. We suspected, without proof, that the
variability was a result of changes in the cell
population, even in the dry state.
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Fig. 2. Survival of powdered aerosols of S marces-
censas function of relative humidity, and compared to
survival when atomized from fluid media. (Reprinted
by permission of Williams & Wilkins Co., J. Bact.)(4).
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The difference between dry dispersed Serratia
and the atomized product aroused our curiosity
regarding the effect of ultraviolet irradiation on
these pre-dried ceils, because we knew that atom-
ized bacteria were quite sensitive. In a stirred
settling chamber we exposed aerosols to short
bursts of ultraviolet irradiation with the results
shown in Figure 3 (5). Approximately 50% died
instantly as a result of a 1-minute exposure, but a
greater percentage died afterward, over a period
of about an hour. After 2 hours, however, the rate
of death decreased, sometimes becoming negative --
that is, the number of living cells increased. An
increase in numbers, usually the result of special
manipulation, has been referred to by others as
re-activation, but we prefer the term recuperation
when the increase occurs spontaneously.
The phenomenon of photoreactivation is not
unusual, but when we performed the experiment in
the dark, the results were the same. Apparently
the classical concept of logarithmic death kinetics
cannot always be applied. To test this hypothesis,
we grew cultures in shake flasks at 31C for about
2 hours and then subjected the growing cells to
two 1/2-hour temperature changes between 31C
and 16 C to attain synchronous cultures. Although
we did not always induce synchrony, we did get
survival curves of aerosols from such cultures
(Fig. 4). Note that in general the shape of the
curves was inverted from that of "standard" cul-
tures and sometimes the number of viable cells
increased as noted previously in Figure 3. It was
quite evident that these survivor curves could not
be explained on the assumption of a single hit
hypothesis and that the "state of the culture," in
this instance a more homogeneous population than
in usual cultures, had some influence on subsequent
survival.
Fig. 1. Survival eurvesof S. raarcescens aerosolized Another way of examining the survival of
into stirred settling chamber. RH = relative humidity, dried bacteria is to lyophilize cultures and expose
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Fig. 3.(top) Survival of 40 powdered aerosols of
S. _,arcescens after short periods of irradiation withultra-
violet energy. (Reprinted by permission of Macmilten
Journals, Ltd.) (5}:
Fig. 4.(botto,,).Survival of ,q t, arcescens aerosolized
into stirred settling chambers after being subjected to
alternate temperature changes. Atomizing fluid was a
chemically-defined minimal-growth medium.
the dried product to suitable atmospheric condi-
tions. In this way one has a larger quantity of cells
to work with and the physical attributes of aerosols
(cells per particle, fall-out, sampling problems)
are eliminated. The well-known techniques of freeze
drying (i0) are not difficult to perform, so I will
only mention that generally we froze cultures rap-
idly at -60C and dried them for 24 hours at less
than i0 _ pressure to obtain our material. When
exposed to ambient conditions, freeze-dried bac-
teria survived better than aerosolized bacteria,
but the pattern of death was about the same. There
was an initial rapid loss followed by a slow decline
of viable numbers.
Let me digress for a moment to describe
some extensive experiments we had been conduct-
ing with Serratia. including thermal death at moderate
temperatures (50-56C) (6). Briefly, we had found
that 1) survival patterns varied rhythmically as a'"
function of age of culture; 2)periods of recuper-
ation occurred at about 6-hour age if the inoculum
for the culture was about 10-hours old, but not
if it was 24-hours old; 3)diminutive colony forms.
that did not transmit the diminutive characteristic
were induced after short periods of heating but
were not found after more prolonged periods,
and 4)the number of colonies formed on two dif-
ferent media remained always the same with un-
treated cells, but varied after cells had been
subjected to stress. Physiological activity of cells
during stress seemed responsible for some of
these unusual findings. Would these same situa-
tions obtain with lyophilized cells?
We placed freeze-dried bacteria into micro-
respirometers, with KOH as an adsorbant for CO 2.
We found a slow gaseous uptake (which we pre-
sume was oxygen) that varied with moisture con-
tent (Fig. 5). It seemed possible that dried bac-
teria respired, and hence carried out minimal
metabolic functions, even at moisture levels of
about two percent. If they respired, they were
not dormant, and we should expect a constantly
changing reaction to the act of reconstitution.
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Fig. 5. Gaseous uptake offreeze-driedS marcescens
The KOH established moisture equilibrium conditions not
determined in this experiment. Rate of uptake, _ liters/
day. Rate at 75% moisture was time dependent, starting
with upper point, over 6 weeks test period.
In Figure 6 are shown survival patterns
after freeze-dried samples from a single growing
culture were stored at 21C. Two freezing temper-
atures were used, -60C and -20C.
Figure 7, a cross-section of part of these
data, provides a better example of how survival
varied with age. In studying the effect of freezing
on the subsequent survival of dried cells one
should not ignore the age of the culture.
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From these same data we plotted the ratio
of cells found on one sampling medium to that in
the other as a function of age of culture and time
of storage (Fig. 8). Sometimes the enriched medium
was better and sometimes it was not; there was
a marked difference in the whole pattern between
cells frozen at the lower and at the higher temper-
ature. Of particular interest, again, is the almost
rhythmic way in which these ratios changed. Al-
though these data do not include evidence of re-
cuperation in the lyophilized state, we have other
evidence that it can occur in cells grown both
on nutrient agar and in flask cultures (Fig. 9).
To add to these complications, the way in
which dried Serratia were reconstituted influenced
their apparent survival. For example, we tested the
immediate survival of dry ceils in vials immersed
in boiling water. Samples were reconstituted by
adding water as usual, and by exposing samples
either to low or high relative humidity before
adding water. In Figure 10 we show that adsorbed
water was lethal to some cells, but the extent of
lethality varied with length of heating time. This
death-by-sorption-of-water (sorbed death) will be
mentioned again in relation to aerosols.
Fig. 7. Storage survival of freeze-dried S. raarces-
cens as function age of culture and two freezing tempera-
tures. Curve 1 is normal curve. Curve 2is -20 C, adjusted
for differences in initial cell numbers. Curve 3 is cells
frozen at -60 C.
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If cuttures were stored at -20C and lyophi-
lized at appropriate daily intervals, then the sur-
vivor curves were different, indicating changes
had occurred in the frozen state (Fig. 11). In
addition, the plating ratio changed, not only as a
function of dry storage, but also as a function
of pre-storage at -20C. As in thermal death, the
history of the ceil appeared to be important.
A third technique that might be employed is
that of "air drying" microbial suspensions on
surfaces and washing them off later to assay
viability. There has been a considerable amount
of survey work of this nature reported in the
literature (14); in general the work bears out our
own conclusions that if bacteria were dried slowly,
they died rapidly. We finally decided that there
must be two principles involved that ought to be
separated. The one is the influence of slow drying
itself and the other is the influence of surfaces.
0
I, ig. 9. An instance of recuperation during storage
in vacuum of freeze-dried Escherichia coli grown by two
methods.
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We have not given our full attention to this
problem, but we have determined that several
species of both bacteria and virus, when spread
on stainless steel surfaces and air dried, were
unusually sensitive and death was influenced by
the relative humidity; in this instance we were
testing both drying and storage (N. A. Schlamm,
personal communication). If cells were aerosolized,
allowed to collect on stainless steel strips, and
stored on the strips (one set in a desiccator
and one in a plastic box), the survival was not
the uniform decay usually found in either aerosols
or tests wherein cultures were painted on sur-
faces (T.R. Wilkinson, personal communication)
(Fig. 12). These studies have yielded the most
evident periods of recuperation to date.
Perhaps the rate of drying is implicated.
A suspension was placed under a sufficient vacuum
to remove, but not to freeze the water, as in the
snap-freeze technique. The subsequent survival
during storage was compared to an identical ly-
ophilized suspension (Fig. 13). Although there were
differences in the survival patterns, we can con-
elude that in general the two populations survived
m
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Fig. 11. Change in apparent number of survivors
7-day dry storage of freeze-dried S. marcescens
stored at -20 C before drying.
equally well. We know that rapid evaporation cooled
the cells to at least 4C and we presume that the
lowered temperature "conditioned" the cells for
survival in the dry state, whereas normal evap-
orative drying kept the cells warm. We shall
return to this effect in a moment.
Without further comment, it seems evident
that we should direct some attention to a study
of changes that occur in cells during stress, or to
studies of the influence on survival of environ-
mental changes imposed during stress.
The technique of electron paramagnetic res-
onance (EPR) (1), sometimes called electron spin
resonance (ESR), appears to possess some utility
in these studies. Lyophilized bacteria spontaneously
produce a free radical if they are stored under
conditions that normally lead to death (11). For
example, we lyophilized enough cells to permit
the packing of several EPR sample tubes under
ambient conditions and at the same time a number
of vials to be opened for viability assay. All tubes
wexe immediately sealed after packing and stored
at different temperatures. A viability assay was
performed after 6 days and the results plotted
against the increase in EPR signal (Fig. 14). The
EPR signal strength appeared to be a direct func-
tion of the log of survival. Under certain conditions
the extent of life can be measured by electronic
means. We do not suggest a causal relationship
at this time, but we know, in addition, that if the
bacteria are "killed" before drying or are stored
in vacuum, then the free radical growth is markedly
reduced--sometimes to zero--and that lactose, a
substance enhancing survival, reduces the free
radical growth.
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vacuum. (CFU, see Fig. 10.)
The radical could be a simple union of oxygen
with an organic molecule. But why does this not
occur when the cells are dead initially? It is pos-
sible that the radical precursor requires oxygen
for its development. The radical could be the
result of enzymatic activity sparked by oxygen;
either the activity caused death or the accumu-
lated radical killed the cells upon reconstitution.
Perhaps living cells repress or scavenge free
radicals. In light of present knowledge, we can
only speculate: nonetheless, EPR can serve as a
tool to monitor changes during storage without
disturbing the cells.
Finally, we have changed the aerosol envi-
ronment after the cell has equilibrated with a
given condition. We did this by using a dual aer-
osol transport apparatus. By transporting air at
a given velocity through a small duct and then
into a larger duct at the same velocity, a 50%
dilution of the air stream occurred where the two
pipes were joined. At this point a rapid change of
humidity could be achieved without a tempera-
ture change. We found that a change of relative
humidity from 50 to 20o/0 caused no additional
death, regardless of growth medium, but a change
from 20 to 50% did if cells were grown in an
enriched medium and did not if grown in a chem-
ically defined medium (Fig. 15). This sorbed death
was almost eliminated if cells were held at 4C
in the atomizer or if antibiotic was added.
Currently we theorize that anything reducing
the metabolic activity of the cell before stress
is applied tends to enhance survival. This is in
marked contrast to Webb's theory (19)that death
by drying results only from the breakage of hydro-
gen bonds in protein structures.
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medium.
Conclusions
Considered individually, these data might be
analyzed in terms of "textbook" bacteriology, using
such explanations as biological variation, muta-
tional frequency, osmotic barriers, cell lysis, clone
variation, molecular denaturation, or even in such
a mundane term as poor technique. Parsimoni-
ously, the latter is favored, but we have examined
this matter thoroughly, and emphatically deny it.
Individually, many of our findings are not new (17).
Considered collectively, however, together with
recent reports in the literature about the semi-
conductor state of many of the components of
living cells (2)(some being of the N type and
others the P type, so that the potential exists for
putting these together in layers of NPN and pro-
ducing transistors), these data suggest a more
general theory applicable to the whole question
of the growth and death of bacteria.
I. Concurrently, we believe that a composite
of suggestions by Heinmets (12), Elsasser (8), and
Rescigno and Segre (16), and the thermodynamic
analogue of Goodwin (9), is the most plausible. A
living thing is a unit state of matter wherein
electro-physical and electro-chemical feed-back
systems perpetuate sustained oscillations of their
own substance. Energy is utilized and the system
is open-ended and expanding; it has an input and
an output. If the system is sufficiently disturbed,
an imbalance might occur, leading either to damp-
ing of the oscillation or to runaway (i.e., lack
of negative feed-back) and the oscillations will
eventually cease; the system is dead. A given
disturbance might lead to death only if applied
at an appropriate moment and only if no other
disturbance follows to counteract the initial change.
II. When applied to microorganisms, the the-
ory predicts that a measure of one of the oscilla-
tions would be in terms of division time, and we
are all familiar with this.
Feedback mechanisms should correct damage
to a given component, building new systems if re-
quired-we say the cell is adaptable; we find
that often cells labelled dead at one time are alive
at another; a few grow better on one medium
than on another; we say they did not adapt rapidly
enough or we say that repressors or derepressors
(15) were out of balance.
No two cells can be exactly alike, hence
their survival capacity varies, both in terms of
the overall components of the cell and the momen-
tary state of the components when stress is applied
(13). If the cells are not alike, we should not
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expectlogarithmicdeath(18),andwedid not findit. Sometimesa large part of the survivaldata
formeda straight line on logarithmicpaper,but
this is noproofof amonomolecularreactionwhen
we knowwe are dealingnot with moleculesbut
with complexsystems.Obviously,if a systemis
so delicate that it requires the presenceof a
given componentthat it cannotmake,andif that
componentis destroyed,then there is a one-to-
one relationshipbetweenthe moleculeand the
life of the cell. Wemight,therefore,find strictly
logarithmic death,but we cannotclaim that all
deathoccursthisway.
III. Our theorypredicts that if two living
units are closeenoughto oneanother,theycom-
posea singlesystem;theinputof oneis theoutput
of the other.Hencea bacterialcultureis usually
a collectionof systemsactingalmostas onesys-
tem. Sometimes mall, randomchangesmaybe
reflectedas largechangesin a futurepopulation;
shifts in the distributionof survivalcapacitywith-
in thepopulationshouldoccurastheculturegrows,
andthatis whatwefound.
IV. Our theorypredicts that changesmust
occur even in the dry state if cells arealive.
We found that the plating ratio and the oxygen
uptakechangedalthoughthesechangeswere not
related to survival. This changein EPR signal
correlatedwith survival, but in aninverseman-
ner. Survival in the dried state was relatedto
cell history andrecuperationwas possible.All
our findingspoint to the ideathat the driedcell
is dynamic.
Wheredoesthis leaveusinpracticalterms?Canwe ever understandsucha complexsystem
that changesasa result of almostanythingwedoto measureit? Eisenberghasillustrateda prin-
ciple of uncertaintyin physicsand I think we
haveananalogousprincipleof uncertaintyin biol-'.
ogy. If we find a colonyon our platingmedium
as a result of our growthconditions,wecanbe
assuredthat a living organismwas there, but
the absenceof a colony(andweassumethiswhen.
we talk aboutdeath),does not meandeathhas
occurred--it might just as well meanthat the
cell could not divide under theseconditionsat
this time. It maynotbe absurdto considersome
cellshalf-dead.
Canwe find a better criterion of life? What
we needis additionaldata,but datafrom repre-
sentativespeciescollected for the purposeof
creating a "microbial systematics." Scientists
might recognize that a microbial culture is a
dynamic multiphasic system and determine the
influence of age, growth temperature, medium,
source of inoculum, plating conditions, timing of
operations, and any other suspect variable that
should influence the kinetics of survival; they
should recognize the need to measure whole cell
response, not just characteristics of isolated com-
ponents. To do this, new techniques will have to
be devised. If the data were collected with atten-
tion to coordination between groups, then computer
technology might be applied and we should finally
be able to describe components in terms of sys-
tems operating within the living cell, we should
know what environmental forces disturb these sys-
tems, and eventually we might predict what living
forms were to be found in given ecological con-
ditions and how to prove their presence.
In short, if we continue to probe only at
isolated problems without attention to the larger
and more complex picture (3), then like the blind
men and the elephant, without some kind of unified
theory and effort, we shall never be able to under-
stand our own life forms, much less those of
extraterrestrial origin.
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EPR Electron paramagnetic resonance
ESR Electron spin resonance
CFU Colony forming units
Discussion
Greene--We've come across some of these
same phenomena, especially in the area of thermal
inactivation of microbial aerosols. We also found
that the results can be varied, almost at will,
and that apparent survival is a function not only
of thermal exposure, but also depends upon the
media, temperature history of incubation, and the
culture method. However, this had previously been
observed by workers in pasteurization and food
canning, who learned about cell injury and the
"pampering" of injured, but not yet dead indi-
vidual cells.
Ultimately we have to return to the prag-
matic. The science of bacteriologists is young.
The science of bacteriological philosophers is much
younger. Before we go off in every direction, how-
ever, we should still keep our eyes on the labora-
tory. There still are some practical problems
such as simple experimental errors. I mean the
probability of making the wrong observation, for
example, day after day.
Dimmick- I can only agree with you in most
instances. However, I believe that as biologists
we are in a ticklish situation right now because
there is a rising group of physicists and physical
chemists who are taking a close and critical look
at what we've been doing. For a number of years
now, biology has been looked down upon by the
mathematician and the physicist- largely, I think,
because they haven't understood the biologist's
problem. When they do, I believe they will explain
many of our problems in terms similar to those
I have used here.
Now it's time for biology to grow up and
to recognize, as you said, that biologists can no
longer discard anomalous findings as having been
wrong observations made consistently. The only
thing new about this is, that if we biologists are
not careful, we will find the physicists making
inroads into our own bailiwick. The onus is cer-
tainly on us to review the whole field of science
as much as we can and to try to apply to our
own system the scientific knowledge and informa-
tion borrowed from other disciplines.
I'm not a mathematician, I am not a physi-
cist, and I am certainly not a computer man,
but I am fascinated with what can be done with
computers, computer theory, and computer tech-
nology. The more I look at this area the more I
am convinced that we have, at least, an analogous
situation with the microorganisms. As a matter
of fact, if I'm not mistaken, Weiner (A) developed
cybernetics to try to explain some of these bio-
logical phenomena. To me, the finding by some
people that we do have semiconductors in biolog-
ical material, with the potential of having NPN
structures, makes it seem possible for the cell
to do things that previously we thought were impos-
sible. We can transfer information in terms of
amplification, in terms of electronic oscillation,
in terms of feed-back, both positive and negative;
the control systems are there. Now if we believe,
if we even suspect, that this is the case in single
cells, then individuals in populations are going
to be slightly different; it is going to be a time-
dependent dynamic function. Since we have some
evidence that this is the situation, I don't see how
we can ignore this fact in our laboratory work,
or in the philosophy, if you will, of our research.
Benninghoff--I am a plant ecologist who has
dealt with macroscopic plant communities. Know-
ing relatively little about bacteriology, I have been
disturbed in the past by reports on microbial
ecology in which environmental relations seem to
be resolvable into linear functions or at least
into smooth curves, aided in some instances by
log normal or log-log plotting, so that the re-
sponse to environmental stress seems predictable.
I am relieved to see that here in some of the
responses of bacteria to environmental stress, the
history of past environmental stress imposes some
directing influence upon the future response to
other environmental stresses. Dr. Dimmick also
showed that in the contexts of populations of dif-
ferent sizes or mixed species composition the
same stress produces different responses. This
is precisely the situation we're faced with in
dealing with macro plant communities.
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Abstract _C_O_
During 1962 and 1963, several balloon-borne probes
were launched to determine the existence and identi-
ty of viable microorganisms at altitudes between 30,000
and 90,000 ft. Large volume, high efficiency filtration
devices were employed to acquire samples ranging from
20,000 to i00,000 ambient ft 3 of stratospheric air, and
a variety of controls and precautions were incorpo-
rated to preclude extraneous, non-stratespheric contam-
ination.
Despite the best precautions, post impact con-
tamination was still a significant source of microor-
ganisms on the filters. Nevertheless, it was possible
to determine that the maximum microbial density
above the tropopause was less than 1 x 10 -3 organisms/
ft 3, and was probably less than 1 x 10-4/ft 3. Molds
belonging to the genera Altemaria and Cladosporium
were consistently isolated from samplers exposedL_in )
the stratosphere.
Historical
During the past 90 years, many attempts
have been made to investigate the microbiologi-
cal distribution in air above ground level (1, 3,
4), yet little reliable information is available
about microorganisms in the upper atmosphere
(5, 7). Even the extensive investigations at low-
er altitudes were handicapped by one or more
of the following limitations:
1Research performed 1962-1964 under contracts
NASr-81 and NASw-648 for National Aeronautics and
Space Administration.
A. Lack of efficient sampling devices: at-
tempts to sample microorganisms with such de-
vices as oiled lens-paper filters, sticky slides,
and nutrient agar dishes exposed from moving
aircraft leave much to be desired. Whereas large
particles (>10p) such as pollen grains and cer-
tain fungal spores might be efficiently impacted
out of an aerosol, bacterial cells and spores
(<5_) are considerably more difficult to collect
by these techniques.
B. Lack of large volume samples and vol-
umetric measuring devices: When sampling the
atmosphere where the total microbial population
is low (<10-1/ft3), and subsequently returning the
sample for analysis to ground levels and labo-
ratory environments where the contamination lev-
el is higher by one or more orders of magni-
tude, a large sample must be taken to increase
the signal relative to the noise. Most of the stud-
ies reported to date did not sample sufficient-
ly large air volumes to make reliable inferences
about microbial concentrations in the atmosphere.
Furthermore, many of the previous studies did
not adequately measure the air volume sampled,
and should be considered essentially qualitative.
C. Inability to sample quantitatively at high
altitudes: The ceiling tolerances of manned air-
craft built before World War II, and the inad-
equacies of automatic sampling devices suitable
for stratospheric balloon flights limited most aer-
obiological explorations to the troposphere.
D. Lack of adequate controls and sterility
precautions: Many of the previous reports on up-
per-air sampling may be criticized because of
inadequate sterility precautions during assembly,
handling, and analysis of the sampling apparatus.
The most significant effort to date in the field
of stratospheric microbiology was the National
Geographic Society experiment from balloon Ex-
plorer II (6). After ascending to 72,000 ft a sterile
tube sampler was released to descend by para-
chute and to sample a profile extending from
69,000 ft to 36,000 ft, where a barometric device
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closed the inlet ports with cotton stoppers. Sam-
piing was carried out by directing the internal
air stream against glycerine-coated walls. The
authors assumed that they sampled a column of
air 6.6 miles x 3.5 inches or a total volume of
approximately 66,000 liters. Upon culturing the
recovered sampler, they isolated ten microbial
colonies, indicating a density of one organism
per 238 ft3. Despite the obvious criticism that
can be leveled against this experiment in retro-
spect, it is important to note that this work was
carried out nearly 30 years ago and that it is a
dramatic contribution to biological exploration.
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ered with a d-c aircraft motor (Westinghouse_."
The skin of the units was of spun aluminum;
the frame was of tubular aluminum, and the in-
let cone was of sheet aluminum. Each sampler
measured 48 inches x 23 inches diameter and weighed,
approximately 50 lb. The total payload weight
of the samplers, gondola, instrumentation, and
batteries was approximately 700 lb. It was an-
ticipated that upon impact the inlet cones would
collapse and serve as shock absorbers. They were
therefore designed to be expendable. The remain-
der of the unit was designed to be reusable (see
schematic drawing, Fig. 2, and photograph, Fig. 3).
Experimental Approach
In January 1962, we undertook a program
of unmanned balloon flights under contract to the
National Aeronautics and Space Administration to
sample stratospheric air and to ascertain the
presence of viable organisms in these samples.
In order to avoid many of the problems and lim-
itations that others had encountered in previous
explorations, our experimental efforts were guid-
ed by the following approaches:
A. The basic sampling process would be
air filtration through high efficiency-low pressure
drop material from which the entrapped viable
particles could be extracted and cultured quan-
titatively.
B. The mechanical sampling equipment would
be adapted from the large volume samplers we
had successfully employed in work for the
Atomic Energy Commission (2). Attempts would
be made to acquire sam_ple volumes in the order
of 20,000 to 100,000 ft of ambient air, and to
measure the airflow rates and air volumes
sampled.
C. Extraneous contamination would be min-
imized by designing samplers that could be au-
toclaved; by providing disposable covers and shrouds
that would be jettisoned at sampling altitudes; by
sampling during a controlled balloon descent, there-
by precluding gross fallout from the balloon and
equipment; by programming air intake and de-
scent rate to achieve isokinetic sampling; by in-
corporating a mechanical sealing device to pro-
tect the filter from post-impact contamination;
and finally by developing aseptic techniques for
filter removal and analysis.
Sampling Equipment
The sampling payload finally developed (Fig.
1) consisted of four direct-flow sampling units,
mounted vertically on the four corners of a gon-
dola; in the center were nested power packs and
the regulating and the recording instruments. The
air inlets pointed downward for sampling during
descent, and air was exhausted through a high-
altitude flowmeter (PR-2) attached to a record-
ing device in the gondola. Air was pulled through
the filter by a blower (Torrington No. 704)pow-
Each sampler contained a spring-loaded ver-
tical shaft to which the sealing pans or plugs
were attached. This device, designed to minimize
post-impact infiltration of extraneous contamina-
tion was cocked open during assembly and re-
mained open until after the sampling mission for
that given unit was complete. During autoclav-
ing, storage, ascent, and sampling, the shaft was
kept in the open position by a squibbed wire cord.
At the termination of a sampling sequence, the
same switch which de-activated the blower fired
the squib to cut the retaining wire, and the shaft
was released. A trip lock assembly kept the seal-
ing gates secured after they were closed (see
Fig. 2).
Several days before an anticipated flight,
the individual sampling units were prepared in
the following manner: the units were assembled,
and the mechanical sealing devices were tested
for reliability. A circular filter of polyurethane
foam (80 pore, 1/2 inch x 1 ft 2) was clamped
into place. All seals and joints were caulked with
Mortite and overlaid with masking tape. The cen-
ter shaft was fitted with sealing plugs and was
secured in the open position. Aluminum-plywood
reinforced dust covers were fitted over the in-
let cone and the flowmeter exhaust. The latter
was shrouded with crimped aluminum foil; the
former was shrouded with a weighted nylon sheet
which was held in place by a squibbed cinch cord.
The completely assembled and shrouded units were
then wrapped in surgical wrapping paper and ster-
ilized in hospital autoclaves at 120 C for 1 hour.
They were transported to the launch site in their
paper wrappers, and stored in this fashion until
the arrival of a weather system suitable for launch.
The evening prior to launch, the paper wrap-
pers were removed from the individual sampler
units. The units were mounted onto the gondola.
The necessary wiring .was completed, and the
complete payload was placed in a portable vinyl-
hypalon chamber, maintained under ethylene-oxide
freon pressure (Fig. 4). The payload was kept
in this chamber for 12 to 14 hours and was re-
moved to the launch tarmac less than an hour
before flight. At this time, the samplers were
still being protected by the dust covers and shrouds.
Surface samples of the exterior skin had less than
one organism per 7 in2; the filter pad itself was
still sterile. The interiors of the samplers were
. 
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Fig. 1. Assembled payload ready for flight. Note individual sampling units attached to gondola which contains power 
pack and instrumentation. Inlet cones of the samplers are shrouded with weighted nylon sheets: flowmeters are shrouded 
with aluminum foil. Shrouds and dust covers underneath are jettisoned at altitude and descend by parachute (lower right). 
Also note bags of ballast and small chutes (upper left) which are dropped by radio command to regulate speed of ascent 
and descent of payload. 
never exposed to contamination between the time 
of autoclaving and the time of jettisoning the dust 
covers and shrouds in the stratosphere. After 
stratospheric sampling, the interiors of the Sam- 
plers were never exposed between the time the 
sealing gates locked in the stratosphere, and the 
time the units were disassembled in a labora- 
tory clean room. 
We have tried continuously to improve the 
sampler (Fig. 5). Most of the changes involved 
the sealing pans, which proved to be one of the 
more serious frustrations of this program. Flights 
1 and 2 employed metal pans with polyurethane 
gaskets. Flight 3 used metal pans with silicone 
rubber gaskets. Flight 4 used a plug made from 
overlapping sheets of polyurethane. Flights 5 and 
6 used cotton plugs held in place with aluminum 
discs and seated against silicone rubber gasket- 
ing in the throat. 
Flight 1 used an unshrouded dust cover; 
the remaining five flights used cinched nylon shrouds 
described above. During Flight 1 we made no 
provision for pressure equilibration. In the other 
five flights we used an absolute fiber-glass f i l -  
t e r  for this purpose. In Flights 4, 5, and 6, we 
reached our highest level of internal contamina- 
tion controls by employing squares of filter foam 
taped to the interior walls of the sampler. Aero- 
dynamic studies in our altitude chamber showed 
that these diffusion controls should discriminate 
between stratospheric organisms (i.e., those in the 
high velocity airstream) and impact contaminants 
(i.e., those that leak past the sealing pans). 
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B. Bags were removed, and the exterior sur-'-
faces of the units were thoroughly cleaned and
disinfected with a phenolic detergent-germicide.
C. Unit was aseptically disassembled in a.
clean room, and the filter pad was exposed for
the first time since completion of sampling in
the stratosphere.
D. Filter was dissected into segments: each
segment was immediately placed in a sterile poly-
amide (capran) bag with 100 ml of sterile water;
the bags were then heat sealed.
E. The filter was repeatedly and thoroughly
extracted with the diluent by manual manipulation.
F. Aliquots of the diluent were removed and
filtered through membrane filters (Millipore HA),
which were then cultured on a variety of media
under different incubation conditions:
1. Tryptone glucose yeast extract agar
(DIFCO); 35 C for 48 hours followed
by 20 C for 10 days
2. Eugonagar (BBL); 35 C for 48 hours
followed by 20 C for 5 days
3. Thioglycollate agar (BBL); 35 C for
48 hours followed by 20 C for 5 days
(anaerobically)
4. Mycophil agar (BBL); 20 C for 7 days
G. A laboratory control was obtained by
performing steps D, E, and F on a freshly auto-
claved sheet of polyurethane foam.
Fig. 2 (top) Schematic drawing of direct flow sam-
piing unit. Sample collected on polyurethane foam sup-
ported by wire mesh screen. Note spring-loaded cen-
ter shaft which closed and locked sealing pans after
sampling was completed. Shrouded dust covers (not
shown) on inlet cone and flowmeter protected integri-
ty after autoclaving.
Fig. 3 (bottom). Assembled direct flow sampling
unit. After attaching dust covers and shrouds individ-
ual units were wrapped in paper and autoclaved.
Laboratory Techniques
In Figures 6 and 7 are illustrated the fil-
ter recovery and extraction techniques we devel-
oped for this program. Essentially the following
protocol was followed for analysis of the biologi-
cal sample in the laboratory:
A. At impact site, sampling units were ex-
amined for obvious leaks and malfunctions, de-
tached from the gondola, shrouded in clean poly-
ethylene bags, and returned to the laboratory.
Preliminary experiments, in which segments
of polyurethane foam and segments of calcium
alginate were uniformly contaminated with both
wet and dry microbial aerosols and subsequently
extracted, showed that our recovery techniques
were satisfactory. Our extraction procedures gen-
erally yielded >80o/o of the total microbial pop-
ulation in the first washing (Table I).
A variety of potentially suitable filter ma-
terials was tested for possible use in the sam-
pler: membrane filters, filter paper (IPC), poly-
styrene paper, Fiberglas, and polyurethane foam.
After considering filtration efficiency; chemical
and biological inertness; low pressure drop; sta-
bility in simulated stratospheric environments; ease
of sterilization; ease of manipulation, and ease
of recovery of organisms from filter matrix, we
chose polyurethane foam as the filter material.
After a flight, the filter could easily be dissected
out of the apparatus and the organisms adher-
ing thereto quantitatively extracted. In Table II
is shown the efficiency of polyurethane foam
against microbial aerosols (ca. 1 _diam.)artifi-
cially generated in an altitude-simulation chamber.
We performed a series of trials to deter-
mine if filtration might be inimical to viability,
and if vegetative cells deposited on a polyure-
thane filter would be killed by blasting air across
them at high velocities (Table III). Lyophilized
Serratia marcescens exposed to airflows of 1,000 fpm
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Fig. 4. Assembled payload immediately prior to flight. After removal of paper wrappers from sampling units and 
attaching units to gondola, payload was stored overnight in a vinyl-hypalon chamber filled with ethylene-oxide. 
for as long as 1,000 minutes showed no greater 
loss in viability than replicate controls not ex- 
posed to such airflows. These experiments ver- 
ified our assumption that any organism already 
present in the stratosphere would be able to with- 
stand any “lethal” forces imposed by filtration. 
I n s t r u m e n t a t i o n  
The gondola contained the following instru- 
ments and equipment: 
A .  Control unit, which opened helium valve on 
balloon at desired altitude to terminate ascent 
and initiate descent; switched blower motors on 
and off; fired squibs to jettison covers and shrouds; 
fired squibs to release spring-loaded sealing gates. 
B. Barocoder and 5-watt transmitter, which teleme- 
tered altitude; was used as homing station for 
tracking aircraft;  indicated functioning of blowers. 
C .  Flowmeter recording unit, which measured me- 
te r  revolutions, inlet and exhaust air tempera- 
tures,  and pressure drop across fi l ters;  recorded 
information on synchronized film. 
D. Tilt switch, which released and destroyed 
balloon upon impact to prevent damage to pay- 
load by dragging. 
E. Power supply: main power supply was  28 v 
dc with a capacity of 135 amp-hour. 
Flights were monitored from a ground con- 
trol  station; a record of the functions was ob- 
tained by a camera mounted in the instrument 
pack. Tracking aircraft spotted the impact zone 
and directed recovery vehicles to the si te by 
radio. 
F l i g h t  D e s c r i p t i o n s  
Our primary intent was to elevate a steri le 
sampler into the stratosphere; to filter a large 
sample of a i r  without contaminating it with fall- 
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Fig. 5. Schematic drawings of modifications made on stratospheric biological sampler units during course of
program.
NASr-81: August 1962. Seals: metal pans, polyurethane gaskets. Dust cover: aluminum sheet held in place with wires.
Balsa wood nose cone over sealing pan. October 1962. Dust covers: held by nylon shroud cinched in place. Pressure
equilibration port protected with absolute filter. May 1963. Seals: metal pans with silicone rubber gaskets. Metal spinning
replaces balsa wood nose cone.
NASw-648: July 1963. Seals: plug made from overlapping sheets of polyurethane and seated against silicone rubber
throat. Internal diffusion contamination controls introduced. Nose cones eliminated. November 1963 & February 1964.
Seals: Gauze cotton plugs held in place with aluminum discs and seated against silicone rubber throat.
Original drawings presented in Final Report No. 2363, Contract NASr-81, 31 December 1962.
out from the balloon and gondola; to seal the
exposed filter against subsequent low altitude and
ground-borne contamination; and finally to culture
any viable material trapped on the filter. Since
a number of the concepts were being tested for
the first time, Flight 1 served as a feasibili-
ty study, in which we could ascertain the mechan-
ical reliablility of the equipment, the effective-
ness of our anti-contamination precautions, and
the suitability of our analytical techniques. Sub-
sequently, a number of modifications were made,
based on what we had learned from the initial
experiment. Changes in the equipment were de-
scribed above; changes in the flight program and
sampling missions were incorporated as follows:
During Flight 1, the unshrouded dust covers
were jettisoned at 10,000 ft during ascent. Dur-
ing the subsequent flights, the dust covers and
shrouds were retained on the units until they
reached 80,000 ft. During Flight 1, we sampled
three profiles of air: 65,000 to 45,000 ft; 45,000
to 30,000 ft, and 30,000 to 10,000 ft. A control
unit descended open from 65,000 to 45,000 ft, but
its blower remained off. During the subsequent
flights we tried to sample two profiles of air:
86,000 to 60,000 ft, and 60,000 to 40,000 ft. Two
units served as controls: One was programmed
to sample for a few minutes during float in order
to measure fallout from the equipment. The other
had its mechanical sealing gates closed just prior
to launch in order to serve as an indicator of
total pre-flight and post-flight contamination. Two
scenes of the launch sequence are shown in Fig-
ures 8 and 9.
During the 2 years of this program, six
flights were made. In Figure 10 the various tra-
jectories and impact sites are shown. This pat-
tern, of course, is a function of the altitudes
attained and the stratospheric winds encountered.
Most of the air masses sampled arrived from
the west, and had originated over the Gulf of
Alaska 3 to 6 days previously. Interestingly, dur-
ing two flights (August 1962 & July 1963)winds
at the highest altitudes sampled were easterlies,
with an origin over the Atlantic.
In Table IV we have summarized the quan-
titative results of the 2-year program. Although
we tried to keep our techniques consistent, the
very nature of this work prevented each flight
from being a replica of any other. Consequently
- ~~~~ 
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we have provided below a detailed description 
of each flight performance, and our evaluation 
of the reliability of data from each experiment. 
Fig. 6 (top). Aseptic removal of filter pad from 
sampler after flight. Exterior of unit was chemical- 
ly disinfected, and top spinning was removed in clean 
room to expose filter. Filter pad was then aseptical- 
ly dissected into segments. 
Fig. 7 (bottom). Extraction of viable organisms 
from filter. Segments placed in sterile capran bag and 
sterile diluent added. Bag was then heat sealed and 
filter manually washed. Washings were cultured by mem- 
brane filtration technique. 
Flight 1 reached a maximum altitude of 
65,000 ft and impacted safely in an oat field. 
A l l  appeared satisfactory except that the seal- 
ing gates on the control sampler did not lock. 
There is also some question about the effective- 
ness of the gasketing on the other samplers. We 
are  unsure about the extent of contamination from 
the formidable dust cloud that was created when 
the payload impacted. 
Flight 2, after going through a perfect pro- 
gram, landed in a forest in the wilds of Wiscon- 
sin, knocking down two fairly large saplings in 
the process. The impact jarred loose the gates 
on three of the four samplers, permitting some 
contamination. 
Flight 3 malfunctioned after the sampling 
sequence was successfully completed. Upon re- 
covery in a fallow field, it was found that the 
gates on three samplers had never closed. The 
control was found locked a s  programmed. 
Flight 4 performed according to program. 
It reached i ts  scheduled altitude of 90,000 ft and 
descended gently, impacting into the side of a 
wooded hillside. All the gates were found locked. 
There is some doubt, however, about the ability 
Table I 
Incidental Contamination Contributed by Analytical Technique; 
Recovery Efficiency of Artificial Contaminants 
Sterile control* 
total countlft Organisms, 2 Recovery of organisms after extraction 
Trial  size 1 s t  2nd 3rd 4th recovery filter 
Inoculum total 
1 8, 800 7, 600 280 1 4  5 7, 899 9 
2 880 330 11 0 0 341 16  
3 88 69 4 0 0 73 8 
4 6 4 0 0 0 4 20 
5 9, 700 7, 400 860 ... ... 8,260 5 
6 970 840 9 1  1 0  ... 941 10 
7 21,000 16,000 4,600 ... ... 20, 600 1 
8 21,000 22,000 ... ... ... 22,000 1 
9 21,000 20, 700 ... ... ... 20, 700 1 
10 21,000 22, 500 ... ... ... 22, 500 1 
- 
*Contaminants cultured after dissecting, extracting, and plating sterilized sheets of polyurethane foam. 
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Table II
Collection Efficiency of Polyurethane Filter (80 Pore)
Simulated altitude,
ft
Linear velocity Collection
Filter thickness, of airflow, efficiency,
inch fpm %
30,000 No filter 500 0
I0,000 1 377 50
30,000 1 420 60
30,000 1 503 78
45,000 I 542 91
45,000 1 818 99
60,000 1/2 900 >99
60,000 i/2 743 >99
90,000 I/2 734 >99
of the polyurethane plug to form a suitable seal
when it has to seal itself at -50 C.
Flight 5 performed according to program.
All functions were completed in proper sequence.
The gates were sealed, and even though the pay-
load landed in a well manured field, the cotton
and gauze sealing pads seemed to have fulfilled
their function.
Table III
Viability of Dry S. marcescens After
Exposure to Airflows at Various
Simulated Altitudes-':-"
Exposure Airflow Viable
Simulated time, velocity,
altitude rain fpm count / c m 2
Sea level i0 0 2. 08 x 103
I, 000 2. 08 x 103
100 0 5. 46 x 102
1,000 3. 76 x 102
1,000 0 1.28 x 102
1,000 1.21 x 102
98,000 ft 10 0 4. 37 x 103
1, 000 2. 72 x 103
100 0 2. 35 x 103
1,000 2. 37 x 103
1,000 0 4 70 x 102
1,000 3. 64 x 102
*Lyophilized powder uniformly deposited by aero-
sol (3-5 a) sedimentation onto sterile polyurethane
filter pads.
Flight 6 aborted (see Fig. 11). After reach-
ing a maximum altitude of 90,000 ft, some mal-
function occurred (probably in the balloon) and
the payload descended by chute. The samplers
impacted open onto a frozen field without going
through their sampling program. The only inform-
ation gained from this flight was about the ade-
quacy of our sterile controls.
Sampling Results
Flight 1. After the first flight, a consider-
able quantitative difference was evident between
the samplers (Tables IV & V). Laboratory con-
trols indicated that relatively few organisms were
contributed by our techniques. The flight control
(Sampler 2) indicated that some extraneous con-
tamination had occurred, but since this unit had
partially malfunctioned upon impact and since the
gates were not locked, the counts may possibly
reflect the malfunction. The extremely high count
in Sampler 1 was surprising. The counts from Sam-
plers 3 and 4 were not significantly different
from the control.
Qualitative differences between the samplers
were evident from gross observation of the cul-
ture plates. Subsequent isolation and detailed char-
acterization procedures indicated that the filters
exposed at different altitudes contained different
predominating flora. The filter from Sampler 1
contained about 20,000 organisms, the majority
of which were members of the pigmented genera
Flavobacterium sp, Brevibacterium sp, and Corynebacterium
sp. From this filter we also isolated a large
number of white nonfermenting yeasts, some Rho _
dotorula sp, several thousand Alternaria sp, and
Cladosporium sp. Although we searched carefully
we could find no spore-forming bacilli, no acti-
nomycetes, and no Asper_illi or PenicilIia in this
sampler. The flight control contained the same
types of organisms as Sampler 1, although the
total count on this filter was two orders of mag-
nitude lower. The predominant organisms on
the filters exposed below 45,000 ft (Samplers 3
and 4) were Penicillium sp. The few bacteria en-
countered were similar to those on Sampler 1.
4 
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As mentioned above, this first flight was 
essentially a feasibility study. Although the data 
a r e  interesting, and may, indeed, be valid, they 
should be interpreted with caution. Considering 
-the many sources of extraneous contamination, 
and the fact that after modifying our samplers 
we never again encountered such large numbers 
in a sampler that worked -we a r e  now quite ready 
to admit that post-impact contamination with dust 
from the oat field accounted for this phenomenon. 
Flight 2. The results from the second flight 
were considerably different. None of the filters 
yielded counts close to those observed from the 
first flight. We were encouraged by the low count 
in the float control sample, which indicated the 
low noise level attributable to balloon fall off. 
Even the relatively high count from what was 
supposed to be a steri le control (Sampler 4) was 
acceptable, considering that the sealing gates on 
this sampler sprang open after the payload knocked 
down two trees.  We do not, however, feel that 
the slight difference between the counts from Sam- 
plers 1, 2, and 3 is sufficient to ascribe signi- 
ficance to the data from the second flight. Fur- 
thermore, the qualitative data also indicate the 
possibility of accidental contamination, although 
the predominance of Cladosporium in Sampler 3 
was reminiscent of the first flight. In general, 
the types of organisms isolated from these fil- 
ters were similar to the common variety of for- 
est air and soil flora that we sampled at the im- 
pact site. 
Since the maximum count above 60,000 ft 
was 128 organisms in 140,000 ft 3 of a i r ,  o r  some- 
where in the order of 10 -3 / f t  3 , and since a con- 
mass was probably << 10- 3 3  /f t  . The same line 
between 60,000 and 40,000 ft was < <lo-  2 3  /ft . 
siderable number of these isolates were post-im- 
pact contaminants, the actual density in this a i r  
of reasoning indicates that the actual viable count 
Flight 3. Unfortunately, the sealing mech- 
anism malfunctioned during Flight 3. The plates 
were overgrown with common soil bacteria and 
fungi. The distribution of types indicated that the 
filters were thoroughly contaminated with dust 
during open impact. The recovery of only three 
organisms from the control unit that had been 
sealed prior to launch, however, indicated that 
Fig. 8. Balloon launch. Note payload with shrouded samplers attached to truck. Balloon partially inflated with 
helium i s  being held down by mooring block. Uninflated portion of balloon i s  lying on clean polyethylene shroud (partly 
visible). 
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Fig. 9. Balloon launch. Payload start ing i ts  ascent 
1 minute after release. Note flight train consisting 
of balloon, chute to slow down descent, and payload 
with shrouded samplers. 
post impact contamination could be overcome if 
the mechanical equipment performed according to 
program. 
Flight 4. The results from Flight 4 indi- 
cated that we were approaching our goal. There 
were only nine organisms on the filter pad of- 
the control, and there was superficial agreement 
between the a i r  volume sampled and the num- 
ber of organisms recovered. Cladosporium and AI- 
ternaria molds were the predominant organisms on 
the sample filters, whereas gram negative rods 
and sporeformers were predominant on the con- 
t rol  unit and the diffusion pads. We could not, 
however, attribute all of the growth from the 
exposed filters to a stratospheric source. 
Qualitative examination of all the isolates 
from the diffusion pads and the sample filters 
indicated post impact contamination a s  a com- 
mon source in certain cases, at least. Further- 
more, the counts in the float controls were an 
order of magnitude higher than the count in the 
a density basis. We can make the following state- 
ment based on the results of this flight: If there 
a r e  organisms in the stratosphere, their concen- 
ambient a i r ,  and the redominant types a r e  prob- 
ably Cladosporium and Alemaria. 
Flight 5. This was a gratifying experiment, 
except that the control filter showed a few more 
organisms than the exposed sample filters. Alternaria 
and Cladosporium were again the common isolates 
from the high altitude samplers, whereas there 
were none isolated from the float control and the 
impact control. The commonest isolates from both 
the control unit and the diffusion pads of the 
other three units were gram negative rods and 
sporeformers indicating some post impact con- 
tamination. On this basis we can say that dur- 
ing November, at  any rate, in an air mass which 
originated 5-1/2 days previously in Alaska, the 
microbial count was probably less than two or- 
ganisms per 10,000 f t3  of ambient air, and the 
predominant types were Cladosporium and Alternaria . 
This was not yet a perfect tr ial ,  but we were ap- 
proaching a signal to noise ratio that made sense; 
we had reduced the background contamination (from 
preparation, storage, fall out, leakage, impact, 
transport, disassembly, and analysis) to such a 
sample of 133,000 ft 3 of air when calculated on 
tration probably does not exceed 3/1,000 ft 3 of 
Fig. 10. Trajectories and impact points of six 
balloon flights. Flight numbers a r e  encircled. 
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Table IV
Quantitative Bacteriological Results
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Flight
No. Date
Altitude profile
sampled, Volume,
ftx 103 ambient ft 3
Organisms recovered
from sampler filter
Bacteria, yeasts,
& Actinomyc etes Molds Remarks
1. Aug. 1, 1962
2. Oct. 19, 1962
3. May 11, 1963
4. July 31, 1963
5. Nov. 18, 1963
6. Feb. 1, 1964
65-45 60,000 13, 000
65 - 45 C ontr ol 240
45-30 8, 800 120
30-10 6, 000 56
88.7-60 140,000 106
88.7 4, 000 45
60-40 20, 400 140
Control ... 230
86.5-39.9 122,000 30,000
Control . . . 2
86 2,550 ? 45
86 4, 530 ? 57
73.5-40 133,000 120
Control ... 5
86 4, 080 6
86-60 97,170 9
60-40 1 7, 000 9
Control ... 21
Flight aborted .. 300-2400
8, 000
64
370
56
Gates locked ?
Closed-not locked
OK
OK
22 Closed-not locked
1 5 Closed-not locked
56 OK
46 Opened after impact
200,000
1
17,200
Impacted open
OK
53 OK
80 OK
190 OK
4 OK
1 OK
8 OK
1 OK
0 OK
Impacted open
Table V
Qualitative Microbiological Results
No.
Flight
Date Profile Predominant types isolated from filter
1°
2.
3.
4.
5.
6.
Aug. 1, 1962
Oct. 19, 1962
May 11, 1963
July 31, 1963
Nov. 18, 1963
Feb. 1, 1964
65K-40K
40K-10K
Control
88. 7K-40K
Control
MaLfunction
86K-40K
Control
86K-40K
Control
Open Samplers
Control
Yeasts; pigmented diphtheroids; gram+
and gram- rods; coccobacilli
Cladosporium & Alternaria
Penicillium; Cladosporium; Alternaria,
diphtheroids; gram+ rods; yeasts;
diphtheroids
Gram+ rods; yeasts; diphtheroids
Micrococci; Aspergillus ; Cladosporium
diphtheroids
Actinomycetes; micrococci; Aspergillus;
Cladospotium; diphtheroids
Cladosporiura; Alternaria; miscellaneous
molds; spore-forming rods; gram- rods
Spore-forming rods & gram- rods
Cladosporium; Alternaria; gram+ rods;
diphtheroids
Gram- rods; spore-forming rods; diphtheroids
Gram+ rods; spore-forming rods; diphtheroids;
micrococci
Gram+ rods
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low level that if there were as few as  five to 
ten organisms per 10,000 ft3 of stratospheric 
air, we would be able to detect them easily. 
Flight 6. This re-introduced us to the laws 
of probability and the concepts of humility. It 
was not a complete loss, however. The control 
unit, which had been closed prior to launch, had 
only three organisms on i ts  filter pad, again dem- 
onstrating our noise control. The usefulness of 
the diffusion pads was demonstrated insofar as 
the organisms cultured from them verified quan- 
titatively and qualitatively that the growth from 
the fi l ter  was obtained from a post-impact source. 
Fig. 11. Impact damage after aborted flight No. 
6. Force of impact was sufficient to bend and break 
tubular aluminum frames. 
Discussion - Conclusions 
The successful prosecution of this type of 
research requires an appreciation and coordin- 
ation of effort in at least three major areas: 
1) flight operations, 2) mechanical engineering, 
3) environmental microbiology. 
We a re  fairly well satisfied with our bal- 
loon operations. We did successfully launch, f ly ,  
and recover five balloon-borne probes consecu- 
tively, and had only one serious mishap (attrib-' 
utable to a flight malfunction) in. six trials. Even 
so, the payload was recovered after the last flight, 
and can be renovated for further experiments. 
The engineering problems we imposed on our 
designers were rather formidable. We wanted a 
sampler 1) that could be autoclaved like a sur -  
gical instrument; 2) that could then operate in 
the temperatures and low pressures  of the s t ra t -  
osphere; 3) that would sample in the order  of 
100,000 f t3  of air and then seal  itself; 4) that 
would withstand the s t ress  of launch and impact 
while st i l l  retaining s ter i le  integrity; 5) that would 
work remotely, automatically, and reliably - and 
would do all  this within s t r ic t  budgetary and time 
limitations. Our samplers a re  fairly primitive, 
but they do fulfill these requirements. 
From a microbiological point of view, our 
most serious problems were contamination con- 
trol  and contamination monitoring. The results 
of flights 4 and 5 indicate that we have made 
significant progress in this area.  Our major con- 
cern now is monitoring the contamination fallout 
that results when we disassemble the sampler 
just prior to dissecting out the filter. We a re  
fa i r ly  confident, however, that this difficulty will 
be easily overcome. 
Considering the complexity of the overall 
operation, in which a single malfunction in ei- 
ther balloon operations, engineering, o r  micro- 
biology can invalidate the whole flight, we a re  
pleased to have ANY results. It i s  even more 
gratifying to have confidence in results that pro- 
vide some quantitative and qualitative insights in- 
to the biology of the stratosphere. We think that 
the fairly consistent recovery of Alternaria and 
Cladosporium on every successful flight is of some 
significance, particularly since it verifies the 
isolation of these -genera by other workers at con- 
siderably lower altitudes. We a r e  now fairly con- 
fident that the microbial count above the tropo- 
pause was somewhat less than 1 x and prob- 
ably was less  than 1 x organisms/ft3 am- 
bient, at least in the air masses we sampled. 
These conclusions, of course, do not rule 
out the possibility of higher counts or  different 
types of organisms being recovered by other ex- 
Rlorations. Unforturnately, the task of sampling 
the stratosphere is somewhat more difficult than 
sampling the Pacific Ocean with a Pasteur pi- 
pette. We do not yet know how many samples 
to take o r  how frequently to take them before 
we gain statistical validity. We do know, how- 
ever, about the many sources of noise that can 
be misinterpreted as signal. 
We a r e  st i l l  unable to interpret the sur -  
prising results from the first flight to everyone's 
satisfaction. We have not been able to repeat 
these observations, but this in itself does not 
necessarily invalidate them. It is possible that 
on our f i rs t  attempt we encountered a r a re  me- 
teorological-biological phenomenon. On the other 
hand, sober reflection indicates that the proba- 
bility of undetected e r ro r  on our f i rs t  flight was 
greater than we considered possible at the time. 
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Discussion
Phillips--I have two questions, Dr. Greene,
concerning your technique. One question is about
the figure you gave for the survival of S. marcescens
on paper filters. The question is, was the S.
marcescens disseminated as an aerosol, or how was
it placed on the filter? The second question con-
cerns the control sample, one from each flight.
To what extent was that a control? The control
went up and down I'm sure; did it open and close
again, or did it open without drawing air through
it?
Greene--With regard to the first question
about artificial contamination of the filters. We
exposed sterile pads of polyurethane foam in a
room in which we had previously generated a
dry aerosol of lyophilized Serratia. Essentially, there-
fore, the pads were exposed to the fallout of
3 to 5_ particles. This was determined by mi-
croscopic examination of membrane filters exposed
simultaneously.
With regard to the question about controls.
During the first flight, the control was a sam-
pler identical to the others, except that it went
through the flight program without acquiring any
sample. During the subsequent five flights, the
control was a sampler that was sealed just be-
fore launch, and ascended and descended closed.
Bruch--I'm a little lost by this term you
keep using about sampling 100,000 ft 3 of air.
Dr. Junge used the term, mixing ratios, in his
presentation. He based the term on particles per
cubic centimeter of air. Now is your sampling
volume reduced to standard temperature or pres-
sure, is this space that you are describing, and
how does it relate to a mixing ratio?
Greene--Our terms are ambient air. The
ambient air volumes can be converted arithmet-
ically into standard terms by figuring out where
they were acquired and then multiplying by the
appropriate conversion ratio. However, we were
sampling profiles that started at 90,000 ft and
ended at 60,000 ft, so there is a continuous change
in the conversion ratio. This is why, for sim-
plicity, we used the term, ambient cubic feet
of air. All our results are then comparable to
each other, rather than to those of someone else.
Bruch -- That still leaves me a little con-
fused. The other matter that I am concerned
about is that your reports indicate that on the
latter flights your internal controls on a per-
unit-area basis were showing more counts, more
organisms, than the actual samplers on which
you base your results. Would you explain how
this comes about?
Greene--The "diffusion controls," taped to
the interior walls of the samplers, were supposed
to distinguish between organisms entrained in the
high velocity airstream (that is, trapped during
the sampling process in the stratosphere), and
those which entered through leaks during impact
or while disassembling (that is, extraneous ter-
restrial contamination). In theory, and upon ex-
perimentation, the concept is valid. Of the par-
ticles in the air stream, 98% are collected on
the main filter pad--only 2% on the diffusion
controls. On the other hand, extraneous contam-
inants are deposited equally on the diffusion pads
and the main filter.
Unfortunately Dr. Bruch is correct, and we
can only guess at the answer. In many cases,
the counts on the diffusion pads per unit area
were as high, and sometimes higher, than that
on the main filter. We suspect that this is a re-
sult of our disassembly technique, in which any
fallout would be more pronounced on horizontal
(that is, diffusion pad) surfaces than on verti-
cal (that is, main filter) surfaces.
Qualitatively, the organisms on the diffusion
pads were different than those on the main fil-
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ter. But the criticism is valid. Until we find
contaminationonly on the main filter and none
on the diffusioncontrols,we will be forced to
report the results as wedid today;namely,thatthe knownstratosphericcountsare less than a
certain value, becausethe organismswedid find
mightall havebeenextraneouscontamination.
Goetz--What is the size of the spores in
termsof theStokes'fallout?
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Gregory--TheAlter"ariasporesmightbe up
to 20 to 50_long. Theywouldprobablynotbeless than 10 to 20_ in diameter;theyareclub-
shaped. Cladosporiura might be from 3, 4 up to
15_, but you may have captured the smaller ones
at high altitudes.
Goetz -- This would mean that the Stokes'
fallout rate at that reduced pressure would be
very large indeed so that such particles could
only be brought up by diffusion and convection
of even greater velocity.
Dimmick -- We've done some work with spores
of Cocvidioides immitis in a dried state. Interesting-
ly enough, Dr. Goetz, they have a Stokes' diam-
eter of about 0.1_ although they are 4 or 5_in
size--a fact that puzzled us for a long time.
These spores will float on water, but if you put
them in a vacuum, and then suddenly release
the vacuum, the spores will sink. Also if you
try to collect these spores on a slit sampler
or a cascade impactor you get very few spores.
However, if you put a millipore filter in the sam-
pler, you collect in large numbers. This shows
that the spores are there. So by three different
ways our data indicate that the spores are pos-
sibly hollow, and act as if they had an aerody-
namic diameter much smaller than they appear
to have.
Goetz -- This is exactly what is to be ex-"
pected: If they are hollow and/or of a shape whidh
represents a much smaller value than (0.17 x d)
for the ratio: [volume (or mass)/surface area],
their Stokes' density, and thus fallout rate, could.
easily become less than a tenth of the equiva-
lent solid sphere.
Greene--The Alter"aria spore looks like a
hand grenade, depending upon the species with
which one is dealing. A Cladosporiam looks like
a droplet.
Gregory--Something is known about the ex-
perimental rate of fall of both these types. They
are, I think, high. The rate for Alter.aria is per-
haps higher than we would expect in the strato-
sphere, but possibly the rate for Cladosporiur, is
not. The rates are approximately what might be
expected from Stokes' law, certainly not an or-
der of magnitude out, as has been shown in con-
nection with Coccidioides immitis. Both these two forms
are exceedingly common in the atmosphere. They
are both pigmented; they would be good candi-
dates for surviving in the stratosphere. The Alter"aria
spores are so large that one would not expect
to find them in quantity in the stratosphere.
Church--Referring to your slide, I don't
recall your list of microorganisms in its entire-
ty. Would you use anaerobic conditions and light
in your growth detection studies?
Greene--Yes. We used a number of media
and culturing conditions. During the first flights
we cultured aerobically on Mycophil, Eugonagar,
and tryptone-glucose-yeast extract (TGE), and
anaerobically on thioglycolate agar. In the last
two flights we used TGE exclusively because the
counts were so low, and this medium seemed to
grow everything we had found previously.
• 4 ,
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Abstract c:_._)
A small biological sampler has been designed
to collect particles from the upper atmosphere (130,000
ft). This device is an air impactor, capable of con-
tinuous sampling for 12 to 24 hours. The aerosol is
impacted on the previously sterilized surface of a mov-
ing drum, driven by a timing mechanism. This ena-
bles the sample to be spread over a large surface
and to be calibrated with respect to the time of col-
lection. The sample is retrieved, handled aseptically,
and cultured using standard laboratory procedures. The
instrument has been tested under simulated atmos-
pheric conditions and evaluated.
The instrument was flown in the spring of 1963,
on three successive balloon flights (125,000- 135,000
ft) above the southwestern United States. A small num-
are dehydration, radiation, and rapid and severe
changes in temperature and pressure. A large
fraction of microorganisms might be air-borne,
and survive atmospheric conditions, especially the
spore formers; some studies have been made of
atmospheric bacterial population densities. Little
is known, however, of the vertical distribution of
aerial plankton at altitudes above a few thousand
feet.
The settling rate for particles the size and
density of microorganisms is extremely slow. From
simple calculation, assuming a specific gravity
of 1.2 to 1.5 and a size of 0.5to 1.0_, the rate
of fall for an organism suspended in the atmos-
phere (at standard temperature and pressure) is
of the order of a few millimeters per hour. Most
microorganisms do not float freely, but are at-
tached to larger dust particles. Dust particles
of the 25 to 100P size settle at rates of a few
meters per hour. Atmospheric turbulence sweeps
up these particles from the surface; they might
be suspended for long periods of time. Large
ber of microorganisms was indicated. The res_ numbers of organisms in the atmosphere have
these eollections will be discussed. _--_,S been found in surveys (7), especially over pop-
__ ulated areas. While the numbers vary consider-ably, depending upon where and when the sample
was taken, in general, average values up to sev-
The first biological sampling of the earth's
upper atmosphere at 130,000 ft has been per-
formed on three balloon-borne missions from
April 8 to May 14, 1963. A small air injector
impactor type of collecting instrument was flown
for 24-hour periods each. The collections were
retrieved and microorganisms cultured and as-
sa_ed.
While the ubiquitous nature of bacteria and
their ability to adapt to almost any terrestrial
environ'ment is an accepted biological generality,
there has been an increase in the investigation
of the ecological relationship of organisms in
exotic environments. This is particularly true with
the rising interest in the possible existence of
extraterrestrial life, where other planetary sur-
faces might present extremely hostile conditions
for life and its biochemical processes, at least
as we know it on earth (1). For survival and repro-
duction, the most limiting physical conditions im-
posed upon microorganisms by our environment,
eral hundred organisms per cubic foot are com-
mon at sea level to a few hundred feet above.
This cannot be extrapolated to higher at-
mospheres. Changes and severity in temperature,
humidity, and radiation are lethal to most micro-
organisms. Winds and density vary from one
region to another of the atmosphere, and mete-
orology of the upper atmosphere is not com-
pletely known or understood. Some controversy
exists concerning the amount of vertical mixing
and the degree of stratification. The bacterial
population of the upper atmosphere will be learned
mostly through empirical exploration.
The difficulty of performing upper atmos-
pheric sampling has been the lack of methods
for carrying instruments to high altitudes. Air-
planes are practical only to 30,000 to 40,000 ft.
Balloons are costly and somewhat unreliable, but
they offer the only reasonable method of attain-
ing instrument flights of long duration above 50,000
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ft.  Modern balloon technology and materials have 
extended the limitations of weight, power, and 
time aloft, all of which a re  constraints on Sam- 
ple collection. Until  2 years ago the highest al- 
titude sampled i n  our atmosphere was from 60,000 
to 30,000 ft in 1936 during the Explorer I1 bal- 
loon program i n  1936 (5). From a collection vol- 
ume of about a thousand cubic feet, Rogers and 
Meier retrieved about ten microorganisms in their 
culture. In 1962 two balloons were flown by Greene 
(Z) ,  one at 60,000 f t  and one at 90,000 ft in which 
a total of 60,000 f t  were sampled. Precaution 
was taken for  good control, but the qualitative 
and quantitative results were variable. While not 
conclusive, the results indicate the presence of 
a small  number of Cladosporium and Alternaria in 
the upper atmosphere. 
3 
In 1963 the present opportunity was pro- 
vided to sample at 130,000 ft. In addition to the 
intrinsic value of extending the exploration of the 
atmosphere, a second motivation came from the 
planetary exploration program. Most of the bio- 
logical experiments being developed for the plan- 
etary landing, unmanned missions require a Sam- 
pling device. A concurrent effort i s  devoted to- 
wards developing a pneumatic instrument to col- 
lect an aerosolized soil  o r  dust sample from 
the surface of Mars. One problem that has been 
considered is the low atmospheric pressure ex- 
pected on the Martian surface. From calculation 
based on spectroscopic data of the planet (3), a 
value of 10 mb might be the surface pressure.  
This pressure corresponds to our atmosphere at  
about 100,000 f t .  The atmospheric pressure at 
130,000 ft where this experiment was performed 
i s  about three millibars. The temperature is -23 C 
and the mean free path is about s ix  feet. It was 
believed that this opportunity could be used to 
develop an  instrument whose principles could be 
tested under simulated Martian conditions as well 
as used in an actual field test. 
The balloon borne instrument consisted of 
a continuous sampling air impactor operating at 
high efficiency. The ambient a i r  was drawn in- 
to the instrument, passed through a narrow slit 
at high velocity and impacted against a surface. 
Those particles with sufficient inertia became at- 
tached to the surface where they adhered due to 
adhesive and electrostatic forces. The experimen- 
tal  package was recovered after each flight, re-  
turned to a nearby laboratory where special pre- 
cautions were taken to open the package, and 
to remove the surface upon which the organisms 
were impacted; organisms on this surface were 
cultured using standard laboratory materials. The 
entire laboratory operation was carried out in 
a previously sterilized glove box. 
The instrument consisted of two joined hem- 
ispheres (Fig. 1); one contained the collection 
apparatus, the other contained the battery pack. 
This allowed for easy assembly and removal of 
the sample. The collection assembly consisted 
of a porthole, a motor blower to move the a i r ,  
a timing mechanism, valves, and a steri le cham- 
ber containing the slit and a rotating drum (Fig. 
2). The r im surface of the drum was overlaid 
with a removable paper s t r ip  used a s  the im- 
paction surface. 
Fig. 1. Atmospheric sample collector. Opening in 
upper hemisphere i s  exhaust port of motor blower. 
Lower hemisphere with connected tes t  leads contains 
battery pack. Hemispheres a r e  shown joined a s  pre- 
pared for flight. 
The blower unit was constructed downstream 
from the steri le collection chamber to prevent 
interference with the incoming particles. Outside 
air  entered from a straight 1 inch, 0.5 inch di- 
ameter intake duct terminating in an impaction 
slit. The a i r  passing through this slit was di- 
rected against the paper 0.75 inches from the 
surface. From the collecting chamber the a i r  
Fig. 2. Top view of collector assembly. Motor 
blower assembly (A) is  exhausted to outside. Clock 
mechanism (B) t imes closing of valves. and drives col- 
lection drum surface. Drum i s  located in a housing 
(C). Intake port (D) can be sealed by a flapper valve 
located between it and drum housing. 
# • _ • *
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was drawn into the blower and exhausted from
the instrument. The impactor slit 0.10 inches
x 0.68 inches terminated with streamline conver-
sion from the circular intake duct. This config-
-uration and this size were established using rea-
sonable values for air density at that altitude
(2.6 lb/ft3), blower capacity, and particle size
and density. A collection efficiency of 90% was
calculated for particles larger than 0.1 _ and for
density of greater than 1.0 (4). A drum housing
held the impactor surface which was a 12 inch
x 1 inch strip' of filter paper (Whatman No. 42)
wrapped on a 4-inch diameter drum with suitable
cleats.
The drum with paper overlay was enclosed
in a sealed chamber, passed by the impaction
slit at a rate of 1 inch of surfaceper hour, and
was powered by a spring driven clock mechan-
ism. The clock was also used to start and stop
the motor and to close spring-loaded flapper valves
at both the entrance and exhaust ports of the
collection chamber. To prevent contamination, clo-
sure of the ports was set for automatic oper-
ation at the termination of the experiment. The
motor (24 v dc) was attached directly to the 4-inch
diameter, four-blade axial-vane fan. The temper-
ature characteristics of this commercial compo-
nent were confirmed experimentally using a de-
compression chamber and a simulated atmosphere.
Bearing surfaces were lubricated with suitable
lubricants.
To power the motor, 18 silver zinc bat-
teries (1.35 v) in series with a microswitch were
used. Two batteries in series with a resistance
heating element and thermostat were used to keep
the batteries from freezing. The collecting as-
sembly and battery assembly were each placed
in one 16-inch diameter hollow hemisphere made
of a low density resilient plastic material (Eco-
sil 5000) (Dupont). The walls of the hemisphere
were 1-inch thick; the excess internal spaces
were filled with the plastic. Total weight of the
combined hemisphere was 20 lb. Ground test equip-
ment was provided to test the assembled package.
External leads permitted testing of the individual
battery condition, motor blower operation, thermo-
stat and heater, and the timing switches.
The air flow of the axial blower and slit
was calibrated at various pressures ranging from
730 mm of mercury to 2 mm of mercury. This
was done by mounting the blower on top of a
standpipe 4 inches in diameter, 18 inches in length.
The impactor slit was placed at the bottom of
the standpipe, and the static pressure differen-
tial across the orifice was measured with a trans-
ducer. The transducer was calibrated using the
deadweight of the diaphragm. Figure 3 is a curve
showing the aerodynamic performance of this sam-
pler. For 10 hours of sampling, a total of 1,000 ft 3
of air would be sampled at 130,000 ft altitude.
Tests were performed on several possible
collecting surface materials to optimize collec-
tion. Discs 18 mm in diameter were cut to fit
an experimental impactor previously described (6).
The discs were sterilized and placed in the im-
pactor. Using a bacteriological aerosol genera-
tor consisting of a nebulizer, a short mixing cham-
ber, and a blower arrangement for moving the
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Fig. 3. Aerodynamic performance of aerosol im-
pactor.
materials, the test material was inoculated us-
ing a standard stock suspension of S. marcescens
as a test organism. The organisms from the aer-
osol generator were introduced into the impac-
tor mechanism. The concentration of microorgan-
isms in the aerosol and on the test material
was assayed using a standard plating dilution tech-
nique. From these values the collection efficiency
of the impactor surface material was calculated
(Tables I and II).
Inoculated discs were diluted in 10 ml of
sterile distilled water. Aliquots (1 ml) were pla-
ted using standard dilution technique. Two tests
for each experiment, each in duplicate, were per-
formed. The liquid impinger collected for 5 min-
utes in 40 ml of sterile distilled water. Aliquots
(1 ml) were plated. Two tests were made, each
in duplicate. From this, the determination was
made of the density of organisms in the aero-
sol stream.
When the experiment was repeated (Table
II), a value of 0.11% was obtained.
Establishing the high efficiency of collec-
tion for the filter paper permitted calibration
of the experimental atmospheric sampler. In an
experiment, a suspension of test organisms con-
verted to an aerosol was introduced into the sam-
pler in which filter paper (Whatman) was used
as the collecting surface (Table III). The high
efficiency for this instrument was due essential-
ly to the high velocity air stream of the impac-
tor. Airflow was approximately 150 fps (Table I).
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Table I
Collecting Efficiency of Whatman No. 42 Filter Paper
Experiment hnpaction time Organisms collected Avg. min
Filter paper I min 5, 700 5, 700
Filter paper 2 rain 1 I, 580 5, 790
Filter paper 3 rain 1 5, 730 5, 240
Filter paper 4 rain 22, 710 5,680
Avg. 5, 600
Stock suspension: 8 x 107 organisms/ml
Aerosol density: 5, 1 52 organisms/rain
Surface collecting efficiency = 5,600 = 100%5,152
Table II
Collecting Efficiency of Dupont H Film
Experiment Impaction time Organisms collected Avg. rain
Dupont H film 1 min 10 10
Dupont H film 2 rain 20 i0
Dupont H film 3 min 10 4
Dupont H film 4 rain 20 5
Avg. 7
Stock suspension: 4 x 107 organisms/ml
Aerosol density: 2, 812 organisms/rain
7
Surface collecting efficiency = 2, 812 = 0. 25%
The sampler was attached to the aerosol
generator (Table III). Filter paper (Whatman No.
42) was used for the impactor surface. Each 1-hour
segment was placed in 5 ml of sterile distilled
water and agitated. Aliquots (1 ml) were plated
with standard techniques for 48 hours in trypti-
case soy agar. Controls consisted of that portion of
the paper that did not pass in front of the impactor.
Two field tests were carried out on the
California desert in still air to test the perform-
ance of the entire assembly. The results (Ta-
ble IV) indicated a collection of approximately
two to five organisms per cubic foot. This was
reasonably within the range of expected results.
The sample collections operated at a rate of 0.25
cfm.
Table III
Collecting Efficiency of Jet Aerosol Sampler
Segment Total organisms/hr calc.
1 128
2 90
3 58
4 143
5 93
Avg. 102
Control: 4 organisms/hr
Aerosol density: 99 organisms/hr
102
Aerosol impactor efficiency - 99 - 100%
Counts were made with standard plating tech-
niques (Table IV). Atmospheric condition: still
air. At sea level the volume flow of the impac-
tor was 0.25 cfm. Two to five organisms per
cubic foot were collected.
Extreme precautions were maintained in car-
rying out the biological part of this experiment.
The paper impactor surface was autoclaved be-
fore assembly. Assembly was carried out in a
glove box that had been previously sterilized for
6 hours with ethylene oxide gas. Following as-
sembly the entire instrument was left in the glove
box and exposed to the ethylene oxide for an
additional 6 hours. All valves were closed and
both ports were sealed with sterile tape. The
tape was not removed until the moment of launch.
,q
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At the moment of launch the tape was re-
moved, the entry port was opened and the timing
mechanism started. Timing was set so that sam-
pling was begun 2 hours after launch. By that
"time the balloon was stabilized at altitude.
An internal control consisted of retaining
a segment of the paper free from impaction (Fig.
2). The drum was set so that a 2-inch portion
of the 12-inch paper strip did not pass in front
of the slit, and would therefore not be impac-
ted by the air stream. This segment was treat-
ed in the same way as was the experimental im-
pacted segment. In no case was the control found
to be contaminated.
Upon retrieval of the instrument, all sur-
faces were decontaminated with formalin and 70%
ethyl alcohol. The portholes were sealed, and
the instrument was returned to the glove box.
The hemispheres were carefully opened and de-
contaminated. The sealed chamber was opened
using the sterile gloves; the paper strip, includ-
ing the control, was removed with sterile instru-
ments. The paper was cut into small segments
that were transferred to culture broth tubes and
culture plates. All tubes and plates were sealed
with sterile tape before removal from the glove
box. Samples of microorganisms were also taken
from landing and launch sites, and from the bal-
loon surface material for culturing.
Three types of solid culture media and three
types of broth media were used. The solid cul-
ture was nutrient agar, trypticase soy agar as a
general culturing media, and rose bengal agar to
develop the molds. In scoring the results it was
decided that only those organisms that occurred
between the agar and the impacted paper seg-
ment (as indicated by a colony) could justifiably
be counted. Any extraneous colony would be ig-
nored; however, in no case was there any con-
taminant, not between the paper and the culture
plate. These controls were extremely important
in establishing the sterile handling technique.
The experiment was performed three times
on three successful balloon flights. During Flight
II, however, the motor mechanism of the collect-
ing instrument malfunctioned and no organisms
were collected.
From Flight I seven Penicillium molds were
collected each on different plates; these organ-
isms developed on the trypticase soy agar cul-
ture. The nutrient agar produced a single col-
ony several weeks after collection of a yeast,
saccharomyces. The rose bengal agar plates had
no growth. Plates that were not sub-cultured were
observed for 3 months. All colonies were sub-
cultured onto new plates. In the liquid broth only
the trypticase soy broth produced anything. While
no quantitative result was possible from a liquid
broth culture, only a single species of Penicillium
was plated out. It must be presumed that only one
organism was cultured from this.
Table IV
Field Tests
Segment* Total organisms/hr calc.
1 75
2 30
3 210
4 80
Segment*
Controls 4
Total organisms/hr calc.
1 25
2 20
3 48
4 38
5 28
Controls 4
*Each segment refers to 1 inch of collecting surface
(I hr).
During the second flight, no organisms were
found on the plates. One of the impactor-inocu-
lated tubes of liquid Sabouraud media became
cloudy, but it was not possible to culture any
organisms from this.
From Flight III, five organisms were col-
lected. Three were cultured from plates of tryp-
ticase soy agar (all on a single plate), and the
other two were cultured on separate plates of
rose bengal agar. All were Penicillium molds. No
organisms were found in the liquid broth media.
All organisms were sub-cultured. All plates and
tubes that were not sub-cultured were kept un-
der observation for 3 months for possible growth.
Conclusion
The most certain conclusion that can be
made from these results is that either an ex-
tremely small number, or perhaps no microor-
ganisms reside in the upper atmosphere. In these
experiments at least 2,000 ft 3 of air were sam-
pled, and only a total possible 14 organisms was
encountered, maximally. While special precautions
were taken, and controls were successfully main-
tained, bacteriological practice did not permit the
statistical treatment of these small numbers. If
these experiments were not so unique, they would
have to be repeated many times to be meaning-
ful. Nevertheless, it is quite apparent that while
there may be no viable microorganisms existing
at these altitudes, this experiment still permits
the possibility of a very few. It can be said with
confidence that the number is o[ the order o[ ten or less
microorganisms per thousand cubic [eet o[ volume. This
number is consistent with other studies mentioned.
The fact that only one or two species of
organisms were found may be significant. Both
Penicillium spores and yeasts are known for their
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extreme hardiness.They are small and resis-
tent to drying, and mightbeexpectedto survivetheharshconditionsoftheupperatmosphere.
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there were3 million ft3 of balloonsurface,how-"
ever, that had not beensterilized wouldmake
one suspiciousof any results, if the numberof
organismscollectedwaslarge.
One problemwith this kind of collecting
techniqueis the possibility that the collecting
material comesfrom the balloonsurface.The
payloadwas suspendedseveralhundredfeet be-
low the balloon,the orifice waspointeddown-
ward, and samplingwas not initiateduntil theballoon had cometo equilibrium.The fact that
The populationdensityof the upperatmos-
pherecan only be narrowedto small numbers.
What theseorganismsare and how manythere
are, remain a problemthat will takea gooddeal
moreinvestigationto establish.
Literature Citations
1. DE VAUCELEURS, G. 1960. In: Physics and Medicine of Atmosphere and Space. O.
Bensen and H. Strughold, eds. John Wiley and Sons, N. Y. 584-605.
2. GREENE, V. W. 1963. In: COSPAR 4th Internatl. Space Sci. Biol. Symp. June.
3. KAPLAN, L. D., G. MUNCH, & H. SPINRAD. 1964. Astrophys. J. 139: 1-15.
4. RANZ, W. E. & J. B. WONG. 1962. Ind. Eng. Chem. 44: 1371-1381.
5. ROGERS, L. A. & F. C. MEIER. 1936. Stratosphere flight of 1935 in balloon Explor-
er II. Natl. Geographic [Technl. paper].
6. SOFFEN, G. 1962. Mars Microscope. Res. Summary No. 36-13, Jet Propulsion Lab.
Pasadena.
7. WOLFE, H., P. SKALIY, L. HALL, M. HARRIS, H. DECKER, L. BUCHANAN, & C.
DAHLGREN. 1959. Public Health Monograph No. 60.
Discussion
Bruch--I am curious why you went to se-
lective media such as rose bengal agar or to
a medium of limited growth potential such as
nutrient agar. It seems to me you would want
a medium with broad growth potential.
Soffen -- These were the standard techniques
that the soils people were using at JPL at the
time. They assured me that this was the ideal
type of thing on which to grow certain molds.
Bruch--I have used rose bengal agar in
the microbiological analysis of soils, but in terms
of the minimal populations of organisms in the
atmosphere rose bengal is the wrong medium
to use.
Soffen -- The last time I sampled, I only
plated my samples on one media. However, it's
undeniable that part of our results were on the
rose bengal. On the other hand, growth may well
have occurred had I put the sample on any of
the other media. The probability of finding an
organism is so low that the medium is almost
unimportant in terms of the problem. Your sug-
gestion is certainly right, although I plead ig-
norance for why I selected this rose bengal in
the beginning.
MacLeod-Were you using any temperature
or pressure trace on this?
Soffen- By pressure trace, you mean interms
of the gondola'?
MacLeod- Yes, the environment that you went
through.
Soffen -- Yes, this is what a balloon flight
looks like.
MacLeod -- There is the possibility of re-
ducing your air flow to standard...
Soffen -- Oh, in any of these cases, there is
the capability of reducing air flow to standard,
but my device wasn't measuring intake or out-
flow. There was no flow meter attached. I used
only a device that had been calibrated here on
the ground under atmospheric pressures that we
expected to encounter.
MacLeod -- One of the important questions
that we have to answer or look into is that of
transport mechanisms. _ettin_ these organisms
up into the atmosphere. In other words, if we find
organisms there, we must have a good method
for getting them into the upper troposphere, past
the tropopause, and into the stratosphere. On these
flights it might be important to do these calcu-
lations and include the...
Soften--I should say that the motivation for
performing in this particular way was that I thought
I was going to be getting vertical distribution;
as you can see I had an opportunity to fly on
a flight that was going to be rising slowly, and
was going to be up at high altitude for 24 hours.
Initially, I had the idea of watching as a time
_B d,
SOFFEN- ATMOSPHERIC COLLECTION AT 130,000 FEET
"course of events, what took place on a differ-
ent impacting area as this balloon rose. Diffi-
culty was more engineering than anything else.
There just are not motors that will function from
the pressures we have on the surface to the pres-
sures that exist at high altitudes, with the same
degree of efficiency or anything like the same
capability. This doesn't mean such motors don't
exist; it just means that I didn't have one. And
I didn't have the kind of research program that
would go into funding such a device. We had our
choice of flying or not flying; there was one al-
titude being selected. This wasn't my flight; I
was piggybacking on someone else's flight. I was
simply then stuck with the problem of finding
a device that would work under the conditions
where we'd be the longest. I changed in mid-
stream and decided that clearly the thing to do
was to take advantage of the fact that this was
a unique flight at 130,000 ft.
Goetz -- Isn't the efficiency of impaction and
also that of the limiting orifice (which I under-
stand was built into your system) quite low at
the pressures that you encounter at pressures of
about ten millibars?
Soffen--I misled you, Dr Goetz. It wasn't
a critical orifice on this particular device. There
was a critical orifice, of course, on the cali-
brating device. In fact, it was a commercial unit,
but on this particular device the orifice was experi-
mentally designed to operate optimally to get a
maximum flow and at the same time the maximum
number of organisms. The orifice was about a
millimeter in size. This is hardly critical for the
volume of flow. On one of the slides the velocity
was plotted against altitude. The velocity was
something like one quarter mach.
Goetz--At this altitude, shouldn't the im-
pactor or slit actually be the limiting orifice?
Was it a slit impactor?
Soffen--It was a slit impactor. It was lim-
iting but it wasn't critical.
Goetz--In your balloon test, you have only
the slit?
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Soffen- That's quite right.
Goetz--But still, have you ever calculated
what the impact efficiency is at these low pres-
sures?
Soffen -- The second flight was an attempt
to find out in terms of a given organism. Now
what is true for Bacillus subtilis of course is hard-
ly true for any other organism, particularly some-
thing like Penicillium mold. On the other hand,
one must realize that this was a limited pro-
gram in the same sense. As such, I simply tried
to find out for one specific organism what kind
of efficiency I might expect. I was satisfied the
efficiency was high enough not to bother chang-
ing anything, especially at that late date.
But your question is quite right. As a mat-
ter of fact, it brings out the point I was trying
to make and have failed to make, that is, it's
easy to read about other people's work; it's an-
other thing to fly. It's difficult to build and to
try to get meaningful results. It's somewhat shock-
ing to find that there are so many people willing
to talk about a project, but so few willing to per-
form. This is not an accusation of any one group;
it's an accusation of all of biology because in
fact balloons are being used all the time. Op-
portunities do exist; people are delighted to take
an experiment along.
It's not expensive to build an experimen-
tal device. My clock cost $6.98. My airline tick-
et was expensive, but the motor cost $8.95. The
slides are expensive, but the device itself is not.
It is expensive to do it correctly; it is not ex-
pensive to try the experiment though. One's ex-
perience accumulates quickly up to a point and
then of course it levels off and accumulates slow-
ly from then on. What Dr. Greene is arguing
with is that it's a cheap business. It's not a cheap
business at all; it's just that getting some ex-
perience is not expensive and there ought not to
be just one or two people in the country gaining
this experience, particularly since I'm not in the
field any more.
LQ _D
Moderator: H. M. Tsuchiya
Panel Discussion
Panelists:
A. Belmont
R. L. Dimmick
V. W. Greene
P. H. Gregory
C. E. Junge
N. H. MacLeod
• Belmont--Relatively little that has been said
early in this conference has anything to do with
the free atmosphere. I would like to make one
cautionary statement.
First, I cannot stress too strongly that any
measurements that are made of the atmosphere,
whether at 30 km or near the earth's surface,
must take into account what it is you are try-
ing to compare. Scientists must see that there
is uniformity of time and space scales. Lack
of such uniformity is a very commonly overlooked
error. For example, those who are concerned
with the relations of allergy problems to air pol-
lution, those who measure by putting their hand
out the window and perhaps compare pollution
at the laboratory with wind speeds, say, at the
airport 10 miles away cannot obtain comparable
data. The temperature at the wall does not in-
dicate the actual temperature in an apparatus
on the lab table. Obviously one must have care-
fully controlled conditions which are appropriate-
ly measured for the micro scale. Measurements
of this type are difficult, if not impossible, to
make.
The point is, one must recognize that there
may be relatively large time and space varia-
tions in atmospheric measurements on all scales.
Second, as a non-biologist I am surprised
that more use has not been made of modern elec-
tronic procedures for measuring. There are dif-
ferent ways of counting; there is a discrepan-
cy between what is live, what is dead, and what
is dormant. If one can measure some physical
property using the latest techniques (and there-
by define new terms) all of us can speak of the
same thing.
• Gregory--I appreciate the invitation to this
conference. The phenomena of biology of the at-
mosphere are well worth studying for their sake.
Let me confess my ulterior motives in space
biology. First of all, phytopathology; I earn my
living as a plant pathologist. That is where I
chose. Second, asthma; this is more in the na-
ture of a recreation which chose me. I am in-
terested in particles in the atmosphere, alive
or dead --alive and dead.
I won't go much farther at this stage be-
yond drawing attention to one possible implica-
tion of Dr. Goetz's observation on organic mat-
ter in the atmosphere. This has nothing to do
with plant pathology or space exploration. It has
to do with some of these "place" asthmas. Cer-
tain asthmas are associated (in the literature,
at any rate) with certain localities. This asso-
ciation was noted by Storm van Leeuwen (1925)
in Holland (A), perhaps 30 years ago. Many of
these asthmas have never been explained. They
are obviously not caused by ragweed, or anything
else that we know. Could they possibly be asso-
ciated with some of the substances that Dr. Goetz
has found?
• Junge--As a meteorologist at this confer-
ence I have learned quite a bit about biology
and other branches of science. This is always
the case when one comes together with people
from other fields.
First, I would like to emphasize that in
the atmosphere insofar as transport is concerned
we have actually three major regimes which can
be distinguished to a certain degree, and which
may be useful to distinguish in terms of trans-
portation of organic matter.
One regime is certainly in the lower at-
mosphere over the continent. Here we have our
primary sources of this organic material. Here
a lot of cloud formation also goes on. This is
the area where there are tremendous removal
processes going on in terms of washout, sedi-
mentation, and impaction on the earth surface or
on trees, etc. This is an area where one would
expect tremendous fluctuations in time and space.
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Now, beyond 5 km (surprisingly low to my
feeling as a meteorologist), apparently the re-
gime changes considerably even over a large con-
tinent. Except in rather selective weather situ-
ations the washout becomes much less efficient
because cloud formation no longer is of great
importance in this area. There is a regime of
high horizontal wind speeds, however. This means
that there is a rapid drift across large areas.
This is the regime where in time and space one can
expect much less fluctuations (maybe by orders
of magnitude less) and more uniform material.
Now the third regime is the stratosphere,
which is quite different. There, sedimentation is
the only removal process while turbulent diffu-
sion carries the material upward. This results in a
sedimentation-diffusion equilibrium distribution.
Now I want to make this point: one of the
major interests at this conference is to learn
what we find in the stratosphere and which of
this may be of terrestrial origin.
The approach reported here by high-altitude
collection with balloons, etc., is exciting and good.
There's no doubt about it. But in view of the
fact that these collections are rather expensive,
one should also start doing some things which
are more simple. I pointed out, that the upper
troposphere is a regime where the distribution
of organic and inorganic material is probably
relatively uniform. We should make a much great-
er effort to collect in this area by more or less
routinely flying aircraft, if possible, or by us-
ing specially equipped aircraft to obtain good sol-
id data on the average composition of microor-
ganisms in this part of the atmosphere. I have
the impression from these talks that probably
already in the upper troposphere near the tropo-
pause, the number of species is tremendously
reduced for reasons of size, etc.
Now, the composition in the upper tropo-
sphere controls the composition of the material
which enters the stratosphere from below.
Not only should we know and establish fre-
quencies and distributions for species in the up-
per troposphere, but also we should investigate
rather carefully their sizes so that we know how
they behave as physical particles in the sedimen-
tation process as they enter the stratosphere.
If we know on a global scale the frequency
in the upper troposphere, and if we know in addi-
tion, the absolute concentrations in these layers
and their sizes (in other words, their Stokes'
parameter of fall speed), then we can make rea-
sonable guesses about their likely distribution in
the stratosphere.
I agree that, unfortunately, we meteorolo-
gists do not have the precise knowledge of the
mixing processes that we would like to have;
still, I feel we can at least make reasonable
guesses in this direction. These guesses would give
us a reasonably good picture, at least within certain
limits of what we might expect in the stratosphere
to be of terrestrial origin.
This kind of knowledge if it is properly organ:
ized can be obtained perhaps with not too much
expense. One needs an aircraft which goes to
20,000 ft. I might stress that such an investi-
gation should be based upon cooperation betweer_
scientists of various continents. Because each con-
tinent will produce a different composition of
microorganisms in the atmosphere we have to
find the average on a global scale [of] what enters
the stratosphere.
I might also stress that we have good in-
dications in meteorology that both hemispheres
are reasonably well separated in horizontal mix-
ing, so if one studies the northern hemisphere
he probably does not have to study the south-
ern hemisphere, and vice versa. There may be
tremendous differences in the general composi-
tion between the two hemispheres. It might be
interesting to obtain data on this subject.
With this information, obtained rather in-
expensively, then, one could probably interpret
more correctly whatever information one obtains
from more expensive flights within the strato-
sphere.
Another point is the following: When I heard
the papers on methods of collection I was struck
by the absence of high-altitude aircraft. I have
used such aircraft for scientific research in the
middle stratosphere, around 20 km. Certainly such
aircraft represent a fantastic opportunity which
should be exploited.
I do not suggest using this method of col-
lection as a substitute for balloon flying. On the
contrary, both types of flight will give us much
more comprehensive data than otherwise. The two
methods supplement each other.With airplane flights
at certain levels one gets a horizontal distribu-
tion, whereas with balloon flights one gets more
of a profile; with both horizontal and vertical
distributions one gets a reasonable picture of
what goes on in the stratosphere.
• Greene--I should like to reemphasize Dr.
Junge's remarks.
I have a feeling from this conference that
from the 5-ft level researchers suddenly went
to the 50,000-ft level. I'm not sure that we know
everything that is going on at the 5-ft level de-
spite the excellent work that is being done.
I agree wholeheartedly with what you have
to say, Dr. Junge. Just one comment. Before one
even gets into the upper structures above the
tropopause, before he even gets up to 30,000 ft,
there's a whole area within a mile of our own
biosphere that we know very little about.
I suspect that an investigation of our own
biosphere including the ground would be worth
our effort. We would then be able to understand
what extraterrestrial environments mean when we
get into outer space. Otherwise we're going to
be in the unenviable position of being unable to
compare a sample from Mars with controls from
earth.
PANELDISCUSSION
"• Dimmick --I'm no less than amazed at the
gadgetry and the capacity of the engineering pro-
fession for some of these things; they seem al-
most impossible to me.
The thought strikes me that we in the closed
ivory towers of research, when asked why we're
doing something, usually say, "Well, we're just
doing it out of curiosity," because if we do any-
thing for a purpose we're accused of doing ap-
plied research.
What is the purpose of this upper atmos-
pheric survey? It strikes me that primarily it
might be curiosity; if so, then the engineering
and developmental people might be accused of
engaging in research out of curiosity. What I'm
trying to get straight in my mind is really why
you want to know about organisms in the tro-
posphere. Naturally, it is a matter of curiosi-
ty to wonder if organisms are present in the tro-
posphere.
Also, perhaps you're worried about the con-
tamination of space probes by passage through
the atmosphere (assuming that one could make
them sterile on the ground) and thus carrying
some of our own life to other planets (assum-
ing that one can expect to find life on other plan-
ets). Now if this is really the problem, that is,
that you want to make efforts to find life on
other planets, the difficulties are magnified.
Whether you like it or not, when you talk
about life on other planets you must exert some
effort to define life and how it operates in our
environment. Perhaps enough information already
exists to enable us to understand life, but it is
lost because of lack of communications. I have
learned more from talking to various people here
about what's going on than I would ever have
learned from the literature. I'm sure that much
of what's been reported here has not been pub-
lished, and may never be. Perhaps we need to
make up our minds as to whether or not this
lack of communication is a serious problem. If
it is a serious problem, maybe we require a
miniature operations research in which people
are centrally given the task of finding out what
is going on, of putting together information, of
asking people around the country for their ad-
vice. We need more than an occasional meeting.
• MacLeod -- Being at the end of this very
distinguished line of panelists, many of the things
that I would like to have said have already been
said.
I would like to extend your remarks, Dr.
Dimmick, in terms of the cooperative commu-
ications, not only among individuals who are
directly exploring the terrestrial biosphere, but
also among those individuals who have contrib-
uted so well at this meeting from disciplines
which we might normally think of as outside this
area of investigation.
One of the problems that confronts the in-
vestigator is the lack of knowledge about mech-
anisms for transporting microbiological particles.
We don't know too much about where the par-
ticles are and in what concentrations. The me-
teorologists do know quite a lot about transport
223
and dynamics of air masses. We need to couple
that information with our own sampling devices and
analytical techniques. This might call for further
development of instrumentation appropriately de-
signed for sampling in not only the troposphere
but also in the samplers that also would oper-
ate effectively in the unique environment of the
stratosphere. Some of the papers have indicated
that there are unique parameters and difficulties
in defining the upper atmospheric environment
--the stratosphere. One problem is the methods
by which particles get into the stratosphere (if
they do) and the mechanisms of fallout from the
stratosphere.
There has been a problem, indeed, in clar-
ifying the objectives for exploring this region of
the biosphere. One course (as Dr. Bruch has
mentioned earlier) is to obtain information in
terms of sterilization and continued maintenance
of sterility of probes going to planets, partic-
ularly to Mars.
My main impression from this meeting, how-
ever, is that there is a dynamic exchange be-
tween the products of the surface of the earth
and of the atmosphere; we have just begun to
realize the extent (not only in a horizontal
direction but in a vertical direction) and the
intensity of this exchange. Certainly, it is an
objective of legitimate scientific interest to go
all-out in an investigation of this region.
Tsuchiya -- To summarize the comments of
the panel members:
1. Dr. Belmont stresses the importance of
the temporal and spatial scales which we must
consider in interpreting the data that we get from
various samplings. He also stresses the need
for more modern physical methodologies. Final-
ly, he suggests that rigorous definitions of life,
death, etc., are needed.
2. Dr. Gregory is interested in viable and
non-viable organic matter.
3. Dr. Junge mentioned the various regimes
of transport and ways of losing biological sys-
tems from the atmosphere: over the continents,
above 5 km, and then up to the stratosphere.
He also mentioned the need for further informa-
tion about the frequency and distribution of ma-
terial in the troposphere. Dr. Junge suggests that
possibly the organic matter, viable or otherwise,
might differ over the various land masses. This
should be investigated. He mentioned a number
of methods for sampling which it might be well
to investigate.
4. Dr. Greene spoke about the need for
collecting materials at low levels so that we won't
be carrying coals to Newcastle.
5. If I may put Dr. Dimmick's stimulative
discussion in a capsule form, he, as a scien-
tist, wants a sound definition of life.
We are concluding at least that there is
necessity for interdisciplinary studies. It is un-
fortunate that we still use different words to mean
the same thing, despite the fact that we all use,
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at least here, the Englishlanguage.Theseman-
tics pose a real difficulty. For example,I am
sure that amongmanyof the fluid mechanics
people (that is, peopleinterestedin transpQr_
processes)the word "transport" as it is used
by meteorologistswould really be "convection."
General Remarks
Cole- This is not entirely correct. One could
say part of the transport would be convection,
but part of it also would be eddy diffusivity.
Tsuchiya- From meteorologists we have
learned that the atmosphere is turbulent and the
fluid mechanics people speak both about primary
transport and secondary eddies. I merely want
to point out that the semantics are such that
we must be on guard in communicating with in-
dividuals in disciplines other than our own.
Mr. MacLeod referred to the need for un-
derstanding something of the transport mechan-
ism of biological systems and the exchanges of
particles and objects that occur both horizontally
and vertically.
MacLeod -- This is particularly in reference
to the eddy transport that you were just talking
about. I may not be correct in this, but I gathered
that we may be talking about a unique kind of
transport of biological particles. This would be
mass transport as opposed to particle transport.
We have been talking about sedimentation,
which is essentially a quiet-air phenomenon. Are
these things closely coupled? Have we coupled
these in sufficiently well-defined fashion?
Junge -- Small particles can be treated as
gases so far as transport in the atmosphere is
involved. For particles longer than iv, that is,
for all microorganisms, sedimentation becomes
important. But so far as removal from the tro-
posphere is concerned, washout and rainout are
by far more important than sedimentation.
Tsuchiya-Dr. Greene, would you say that
the spores of A lternaria or Cladosporium were by
themselves? After all, Alternaria and Cladosporium
are fairly good sized, aren't they?
Greene--We found these fungal colonies, par-
ticularly Cladosporium, growing on several plates
where there was nothing else. This leads me
to think that wherever these fungi were found,
or however they got onto our filter pad, they
got there by themselves.
We had several plates with a variety of
microbial types, also. Sometimes as many as six
or seven different bacterial and yeast colonies.
On the other hand, several plates had pure cul-
tures of molds only. On the first flight at altitudes
from 45,000 to 30,000 ft and from 30,000 to 10,000
ft we had some pure cultures of Penicillium --abso-
lutely pure cultures on some of the plates.
During flight 4 and flight 5, we found our
Alternaria and Cladosporium almost on every plate;
we found the fungi were practically by themselves.
Tsuchiya-Does this preclude the possibil-
ity that there may have been other organisms
that were overgrown?
Greene- This is rather improbable, but does
not preclude that possibility. It's just that we
never saw them. We tried to give everything a
chance to grow. We grew at room temperature.
We grew in a neutral medium on these last few
flights. We grew on a medium which would sup-
port a variety of saprophytes -- tryptone-glucose-
yeast extract--and we had nothing else growing
on those plates, whereas on the control samples
we had a mixture.
Gregory--Coming back to the interesting
Alternaria, Cladosporium work, I think this is abso-
lutely fascinating. The machinery is lovely; we
are obviously at the beginning of a new epoch.
I have been doing my best to think of methods
for picking holes in the machinery. I don't think
that the suggestion that there might have been
other organisms present with the Cladosporium or
Alternaria really worries me too much. The fact
that some yeasts were associated with bacteria,
I take it, is evidence that the sample consisted
of a soil particle or a piece of vegetable dust
in the atmosphere with a load of microbes on
it. But probably the Cladosporium and the Alternaria
arrived as single spores. They usually do at low
levels, why not at higher levels?
Are there possibilities of other sources of
contamination, Dr. Greene? Well, being as awk-
ward as I can, I reflect that fabric is laid out
on the ground, that the balloon itself, I take it,
does not have a shroud. Does it have a shroud?
Greene--Oh yes. The balloon is never real-
ly laid out on the ground. The balloon is laid
out on tables in the factory, many square feet
of which have been sampled. The only things we
can recover from them are the Rhizopus organ-
isms which are associated with the starch with
which we coat the balloon. We have never re-
covered a Rhizopus from a stratospheric sampler.
We have hardly ever recovered any of the other
fungi, that is, Alternaria and Cladosporium, from the
balloon surface or from the starch.
On the runway the balloon is kept in its
plastic wrapper until just before flight. Thus it
does not come into contact at any time with any-
thing except the hands of the people.
On several occasions we deliberately con-
taminated the balloon on the runway with sev-
eral grams of micron-sized fluorescent particles.
Then when the samplers came down again we
examined our sampling filters to see if we had
any of these fluorescent particles. There was
no significant fallout from the balloon that could
be recognized as such.
Bruch-- Your microbial samplers and tech-
niques of analysis have good sensitivity and can
detect low numbers of organisms. The quantita-
tive sensitivity of microscopic analysis is low,
and you would need to recover many fluorescent
particles for a positive response.
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• Greene--That's right. The number of fluor-
escent particles we apply to a balloon surface
would be on the order of 1013 particles, and
we didn't get them.
Bruch -- What was the size range of these
particles? Were they the same size as micro-
organisms ?
Greene -One to three microns.
Perhaps Mr. McFarland, who did this work,
would like to comment.
McFarland -- We applied these particles to
two separate flights--the fifth flight, which sam-
pled, and the sixth flight, which did not sample.
In both flights we detected roughly the same num-
ber of particles per unit area of filter medium.
From this a person can logically conclude that
whether you sample or whether you do not sam-
ple you arrive at roughly the same number of
particles of this fluorescent type.
Furthermore, I might say that these zinc-
cadmium sulphide particles that we used are a
natural background in our laboratory. We have
conducted extensive tests on the properties of
powders; one of the powders is this zinc-cad-
mium sulphide, so that, as Dr. Greene pointed
out, if one looks in a corner of the laboratory
that hasn't been swept he will detect one to ten
(something of this order) particles of the zinc-
cadmium type per square centimeter.
I did attempt to analyze these results from
the two flights statistically, but the numbers are
so low that it is impossible to arrive at any sig-
nificant figures. I would have to say that every-
thing that we did detect would be contamination.
That the particles don't fall off the balloon would
be a logical premise here.
Cole- One should always remember also that
the particles that we are talking about do not
follow the air motion. This transport that Dr.
Wiin-Nielsen, and that Dr. Belmont were talking
about, is transport of air or water vapor or gas-
eous material, but the particles if heavy are not
going to follow exactly this air motion. The lighter
particles will follow it better. This also always
has to be considered, as it has been with some
samplers, notably those used to sample ragweed
pollen.
Dimmick--I don't see what all the fuss is
about. Maybe I'm naive. It seems to me that you
gave a man a problem. You expected him to see
if there are organisms in the troposphere. He
did what I think is a rather good job. Now you're
surprised that he found a couple of organisms. I
don't think it makes any difference, really, whether
he did or he didn't find organisms. Although I
frankly think he did. The fact that he found only
a couple is not going to change your program at
all; he didn't find them in tremendous quantities.
You're still going to have to go up and sample and
you're just as well off to say, "Yes, he did. He
found these two organisms, so they're probably up
there." And start from there. If you find out later
that he's wrong, you haven't lost a thing.
MacLeod--I think the caution is generated,
at least on my part, by thinking in terms of going
to the planets. When we get high enough in the
stratosphere there is the opportunity to get that
which somebody wants to call "extraterrestrial."
On all of our flights, therefore, our dynamic models
must be rather well defined, taking into account
past experience, so that we can have confidence
that what is aloft is either terrestrial or extra-
terrestrial. The concern is not for methodology
here; the concern is for a careful examination at
every point along the line of the validity of the
procedure and the analysis.
Gregory--I would like to make one other
remark: from the ratios of viable to non-viable
organisms normally found in the atmosphere it
would be well worthwhile using a visual method
on Dr. Greene's material. He would perhaps find
far more, but dead Altemaria spores, and far more,
but dead Claclosporium spores than viable spores
of either of these molds. The spores are easy
to identify microscopically, living or dead. He
would not, I think, find maize [starch].
Belmont- I want to get back to Dr.Srinivasan's
remark about transport. I'm not sure it was brought
out in introductory lectures that transport to mete-
orologists is three dimensional, both horizontal
and vertical, and can occur on all time and space
scales. "Transport" to meteorologists can mean
translocation just as to biologists, and may be
applied not only to particulates but also to gases
such as water vapor or ozone and to physical
quantities such as momentum. I see no real dif-
ference between transport and mixing, except per-
Imps that the latter implies a closed circulation.
There can be transport and mixing by all sizes
of waves or eddies from molecular to planetary
scales, in three dimensions.
Dimmick -- This seems like a preliminary
experiment. You have some evidence that there
are living things in the troposphere. You're going
to have to do more work because your present
results are not enough to satisfy you one way or
another. They indicate, if nothing else, that the
problem is exceedingly difficult. It's going to be
expensive to solve. It's going to take a lot of work.
Gregory- May I come in again?
There's a lot on this topic I'm absolutely
burning to make comments on. Dr. Dimmick says,
"Is this matter serious?" Well, of course it is!
I'm a plant pathologist. Let me ramble a bit.
We are concerned that we shouldn't con-
taminate Mars by sending space vehicles loaded
with Cladosporium and Alternaria -- at least not until
we know that there are good Cladosporium and Alter-
nariathere. That is I think a moral obligation;
one can talk about morals here. One doesn't go
to a completely unknown desert island and wipe
out all the organisms there without knowing what
they are. Perhaps if one knows what they are it
might be worthwhile doing.
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There'sa still moreseriousaspecto this:
one day spacevehiclesare goingto comeback.We wantto haveall thetechniquesreadyfor this
event. Man is in a fortunateposition,beingthe
productof a longevolutionaryseries.Humanbeings
are moreor lessaccustomedto theorganismson
our planet, andvery few of our pathogensare
outdoorairborne.Epidemicsfamiliar to bacteri-
ologistsare mostlyspreadindoors--in subways,
in theaters,in trains,in homes.
these organisms.Oneof the explanationswas,
"Werewe, in fact, bringingthingsup ourselves?_
becausevertical transport was questionable.A
NASArepresentativesaid that tonsof waterare
dumpedinto the upper atmosphereeverytime a
rocketgoesup. This water is simplyballastbeing
unloaded.Thequestionarose,"Whatis thesource
of that water?"It wasn't clear whetherthis was
distilled wateror whetherit waswaterpumpedout
of a local lake. The water was merely weight.
Now,it alsois I believegenerallyheldthat
one is more likely to developimmunityto apro-
tein the morestrangeit is (atleastsomemedical
personcorrect meif I'm wrong).I havediscussedthis with immunologists.Whataboutorganisms
differentfrom thekindwe'reaccustomedto, being
broughtfrom otherplanetsandinfectingus?Are
we likely to all succumbto these? Theanswer
usuallygivenis, "No."
Well, thatmightbeall right,buttheevidence
from immunologyis a little thin to goonandI'm
scaredstiff.Weonlyhaveto turntoCoccidioidesimmitis.
Here is an organism which is highly infectious
to man. Fortunately as a rule people don't suffer
badly from it. But it also lives as a saprophyte.
It is also readily airborne from the saprophytic
state, and does not need sneezes to propel it into
the air. We need only to imagine an airborne
pathogen of this type, a little more successful
saprophytically on this planet, a little more wide-
spread in its host, a little more pathogenic, and
you see why I'm scared stiff! Therefore, I do want
to see a lot of research on the decontamination
of space vehicles going out and coming back.
It's all right to bring a virus like smallpox to the
earth, and to bring plague, if you like, but don't
bring something a good deal more successful sap-
rophytically than Coccidioides immitis.
Solomon--I might echo your remarks, Dr.
Gregory.
There certainly are some human diseases
which are rather easily controlled if exposures
are not overwhelming and progressive. Certainly
plague is one of them. In areas where people
are well nourished most people who contract plague
have little trouble. If it comes to the individual
in a fairly overwhelming inhalant form he develops
pneumonic plague; the mortality rate for this is
rather overwhelming. Coccidiomycosis also is a
disease in which there is an interesting aspect:
there seems to be a decided susceptibility to
disseminated disease (and death) which selects
different racial groups. Among Caucasians one
can easily control the disease. Perhaps among
Caucasians one in 5,000 or some order of this
sort will develop disseminated disease, whereas
among Filipinos, negroes, and other dark-skinned
races a much higher percentage by orders of ten
or more will develop generalized disease. Now
whether or not organisms which might come in
from the outside would find us as a more sus-
ceptible group than our normal saprophytic flora,
I don't know; certainly it is something to think
about and consider seriously.
Soften--At an earlier session, maybe a year
and a half ago, when Dr. Greene's work was first
reported the question arose as to the source of
The question I'm really bringing up is, do
_e know how much vertical bacterial transport
we're responsible for in the form of balloon shots
and aircraft that are being sent up there? Are
we raising that number of bacteria with every shot?
Do we know enough about this to be able to make
an intelligent guess as to the rate?
I address this question to Dr. Bruch because
he's in the best position to find the answers.
Bruch- The only comment I can make quickly
here is that NASA has been accused of cluttering
space not only with spacecraft that are still obit-
ing, but also with ballast used to simulate dummy
payloads.
Part of my skepticism about the collection of
truly indigenous atmospheric microorganisms is
that when I see that long balloon stretched out
on the ground, I shudder at the thought of all those
organisms that travel along with that balloon.
Because of the differences in the sensitivity of
assay techniques, I cannot accept fully the results
of the tests with the zinc-cadmium sulfite par-
ticles. I want to expose this problem fully so that
the audience as a whole can understand that our
balloons may be seeding the stratosphere. From
the evidence that has been presented so far I
cannot reach the conclusion that there exists an
indigenous atmospheric flora. It is possible that
other space activities that have been described
here are sources of the atmospheric flora.
From my own experience with spores, I know
they can tolerate many deleterious conditions. One
agent of the space environment that is quite de-
structive is ultraviolet. If spores are given any
kind of protection against ultraviolet, they survive
in nature for a long time. It would appear that
Alternaria and Cladosporium are in the stratosphere in
small numbers. I'm willing to go along with Dr.
Greene that we interpret the data in terms that
the numbers are less than a certain figure per
so many thousands of cubic feet of space. If we
can prove later that these values result from
contamination of some sort, then we can correct
the data accordingly.
One aspect I do want to point out is that the
results from that first balloon flight by Dr. Greene
received quite a bit of notoriety. I have literally
taken it upon myself at NASA headquarters to
stamp out the misconception that there are large
numbers of organisms in the stratosphere as was
first indicated in the results of that flight. I am
eager to make sure that the data that come out
of these flight programs are exact and true. If
they can stand the test of scientific scrutiny, that
is fine, but until we're certain of all the various
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parameters that are impinging on this problem
I'm reluctant to give the current results too much
publicity.
, Junge --I would like to make a few comments
to this question which was raised by Dr. Soften
about contamination of our upper atmosphere by
all our activities. This is, indeed, a serious ques-
tion. It has been widely discussed in some com-
mittees which are concerned with the exploration
of upper atmosphere. The general conclusion after
reading these reports and thinking them over, I
think, is that one should always keep one thing in
mind, that is the huge volume of our atmosphere.
Anything put into the atmosphere will finally be
very diluted. If one really wants to contaminate
the atmosphere with certain things considerable
quantities of material are necessary.
In these committee reports, estimates were
made, that only a much higher frequency of vehicles
entering the upper atmosphere than at present
is necessary in order to increase to any extent
the amounts of certain constituents of the tropo-
sphere. The level of contamination will of course
depend upon both the rate of input and the rate of
removal of a particular constituent.
Tsuchiya -- Dr. Junge spoke about sampling
over the various land masses. I'd like to ask,
"How much seasonal variation might there be over
a land mass?"
Junge --We have no information on this ques-
tion. I would say that the seasonal variation over a
particular continent decreases rapidly above 5 kin.
The amplitude will be small and the phase will
be later by one or two months, approximately,
within the upper troposphere. There will still be
some seasonal variation over a large continent
because convection penetrates to the tropopause
and the material is not carried away by winds so
easily. But in general the non-frontal differences
in the upper troposphere will be smoothed out to
a large extent.
Tsuchiya--I am afraid of this business of
averaging out. Could you give us some idea of
the order of magnitude of the variation between
the seasons in the upper troposphere?
Junge- This is hard to say because we have
so little information. It would be entirely guesswork.
I would say it is considerably reduced maybe by
a factor of ten or so, maybe more. This depends
to a large extent upon the size of the particle.
Tsuchiya--From the papers of Drs. Greene
and Soften we learned that the density was low.
There are a lot of cubic miles above us in the
atmosphere; therefore, just looking at the density
values alone might be misleading.
Would you care to comment, Dr. Greene?
Greene--I think that there is no need to
put any more quantitative label onto a figure when
one says _less than." Less than one organism
per thousand cubic feet of air is all we really
know about it.
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We'd be better off if we had a definite figure,
for example, if we could verify that we found ten
organisms. But thus far we haven't achieved this
kind of confidence.
If we find something we can verify and if we
know rather well where we found it and what it
is, we will calculate this figure to something
that is meaningful to meteorologists and physi-
cists. We'll go to a lot of trouble. Right now there's
no need to go to a lot of trouble because all we say
is that we are establishing maximum limits.
Bruch--I just want to raise this point: the
biologists have been trying to follow all the phys-
ical terminology that has been used in these dis-
cussions, and have been trying to understand the
applications of Stokes' law. One aspect that bothers
me is that nobody mentions the fact (maybe it is
assumed and I am not catching it)that as we go
above the earth the gravitational pull decreases.
How does this affect the behavior of these atmos-
pheric particulates? Is this implied in these den-
sity determinations that the physicists are dis-
cussing?
Goetz-It is of course true that gravity de-
creases very slightly at these altitudes and there-
fore one should expect the fallout rate to do the
same. In the presence of an atmosphere the effect
must be negligible compared to the deviations
from the simple Stokes' law which occur when
the mean free path of the gas molecules grows
to the order of magnitude of the particles we
consider here. The mean free path for the atmos-
pheric gases at sea level pressure is somewhat
less than 10 -5 cm = 0.1 _ and should thus grow to
the order of 10 _ in the pressure range (10 -2 atm),
I believe, we consider here. One knows from de-
tailed studies that under these conditions the fallout
rate for small particles is much increased as they,
so to speak, increasingly "escape" molecular col-
lisions which are effective to keep them in suspen-
sion. Hence it follows that the residence time of
small particles becomes increasingly shorter, in
accordance with the Knudsen-Cunningham correc-
tion of the classical Stokes' law. Since my exper-
ience with aerosols is restricted to the lowest
layer of the biosphere, I have been wondering
about the physical, as well as the chemical like-
lihood of supporting viable particles for any length
of time at high altitudes except temporarily by the
sheer accident of an upward jet. How likely would
it be that we find live matter there? I can't help
coming always to the crude conclusion that it is
extremely unlikely that any viable particle should
be there unless it has a very small ki,etic size (as
Dr. Gregory pointed out with regard to the geom-
etry of these spores that have been found), namely,
hollow shapes which expose much surface and
have, therefore, kinetically, a small fraction of
a unit density. Suppose one detects a specific
gravity of 0.01, then, all would be different, as
little bubbles or shapes acting like "parachutes"
would have, of course, very small kinetic diam-
eters, quite contrary to the little ideal sphere
with unit density of which we always speak. Is it
not true that most microbiological forms are not
spherical?
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Has anyone made detailed studies of the
gravity fallout predicted from their size and mass?
There are many factors in addition to be con-
sidered, particularly with regard to the sorptive
interaction of the particle surface with the gas-
eous traces it contacts in the atmosphere which
can modify the collision processes (accommodation
coefficient) and thus alter the fallout rate.
I would like to mention an observation on the
microbiological side here, as it seems pertinent:
In recent years I consulted at a European research
center for a program centering on the viability
preservation of aerosolized bacteria and spores
in a dynamically stable airflow at various humidity
conditions, but particularly under the influence of
sunlight (that is, not in the ultraviolet, but at the
lower spectral limit of the biosphere above 3,200A).
Unless the air was extremely clean and artifi-
cially purified even on very short irradiation in a
dynamic channel (patterned after our model in
Pasadena), the viability was decreased to a re-
markable extent even for spores. I speak of ir-
radiation exposures at the rate of about 40,000
lumens/liter for less than 2 minutes which effected
no temperature increase. Indications are that the
presence of the oxides of nitrogen (traces of which
apparently are ever present) produces highly de-
structive photochemical surface reactions on these
organisms.
On the other hand, if the cells had a coating,
they became amazingly stable. It took a long time,
however, before the units could be induced there-
after to grow on a nutrient. Could not one make a
few such experiments from this point of view,
just to see if these particular spores would show
that same sensitivity pattern? These tests, in-
cidentally, were done with B glob(qii spores and a
variety of non-spore formers.
else is attempting a physical explanation. So fa.r _
a phenomenon has simply been tested so as to
validate the use of pneumatics on the surface of
a planet that has such a low atmospheric pressure.
Goetz- My remark was focused not only at
collection methods, but also at their presence in
that part of the atmosphere where no one collects,
let's say. Is a gas kinetically or dynamically
likely to have particles of that size under these
conditions without aerodynamic transportation?
Junge--May I comment on the likelihood of
penetration. We do not understand the stratospheric
vertical transport mechanisms well enough to make
definite calculations and statements. Insofar as
the estimates go, however, my computations seem
to show that there is a likelihood that penetra-
tion goes quite a bit upward, even for particle
sizes of the range of a micron or so, particularly
for particles of low density. This is true even if
the floating mechanism is different than one would
expect for a sphere. I think there is good likeli-
hood for penetration.
Goetz -- Provided that they have this low ki-
netic density, due to their shape...
Junge -- Yes, but even if there are spheres of
2 _, one can expect penetration to 20 km or higher.
Goetz- At a density of one?
Junge --Yes, for a density of one.
Tsuchiya-- May I ask a question of Mr.
Beadle? Can you find fallout materials moving
up and down? Up, specifically?
These are done at atmospheric pressure.
Since the surface of the planet is the source of
these organisms, however, isn't it necessary for
organisms on their way to the tropopause to go
along a photochemical "Via Dolorosa" (if I may
call it that) of abundant contact with photons,
oxides of nitrogen, and ozone? We don't neces-
sarily need much ultraviolet.
I am simply concerned about the likelihood
of an arrival and significant survival at these
altitudes, regardless of what was present here,
where the filter is placed. This was the real
reason for my remark.
Soften--I'd like to comment on something
Dr. Greene may have forgotten in all this. He is
currently working on the problem of collecting at
pressures about which we're talking.
I was just asking for a finished statement
about Stokes' law. I understand that Dr. Greene
has tried to find out whether or not one could move
organisms under low pressures in columns of air
which would defeat the purpose if Stokes' law
were still having its strong effect. In fact, Dr.
Greene and his associates are able to collect with
about the same efficiency, as though at ground
level, by changing the character of the impactors.
There certainly is an aerodynamic effect. I don't
think we understand it; I don't know if anyone
Beadle- There are people who could answer
this question better than I. Of course, we have the
advantage of a large amount of material up there,
relatively speaking. We also know how to put it
up there. The material is rather well pushed by
the explosion. Levels, however, rapidly change
in the stratosphere. For instance, in November
1962, Sr 90 levels at 105,000 ft were ca. 90 dpm/
KSCF (thousand standard cubic feet). In February
1963, following the largest Russian explosion and
the largest to date, the levels rose to ca. 900
dpm/KSCF. We don't know if the Sr 90 is going up
or not, or if other particles are drifting upward
or not. The Sr 90 levels from the first half of 1963
are coming down (as of June, our last data).
Strontium 90 is now in the vicinity of 700 dpm.
From data gathered over many years of testing
programs we conclude that Sr 90 is descending
slowly. There is still a large amount of material
at these higher altitudes. Its descent appears to
be very slow. We don't know the size of these
particulates explicitly. They are estimated from a
rather cursory examination of electromicrographs
to be in the vicinity of 0.01 to 0.1_. These are
metallic species, as oxides probably, so their
densities are likely in the neighborhood of three,
maybe five, depending upon what they are (which
we don't know).
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• While I'm here, I'll answer an earlier ques-
tion about seasonal variation. There is a seasonal
variation at ground level, what we call a spring
peak in fallout. This is evidenced by increases
,m the ground-level samples (air and precipita-
tion), increases in milk concentration, etc., that
many people are aware of from press reports.
This level reaches a peak around June. People
in our office can predict this peak rather accu-
rately. These levels were a couple times higher
than the year before, so that people were con-
cerned about it. The levels are going to be as
high this year, apparently, but they will fall off
in the fall and winter. What they will be a year
from now, I don't know, but they'll be somewhat
lower than they are now, due to washout, etc.
This is due to the effects of spring rains
and washout. The materials there, and the spring
rains and washout phenomena bring the fallout
particulates down faster.
Dr. Danielson mentioned a program of a year
ago, which showed that the material is there,
right at the tropopause. It will be brought down
through these mechanisms and washed out. The
levels during a storm, however, are much higher
than those ahead of a storm front.
I have a question. A lot of tests in the Pacific
intercepted the ocean or went below the ocean
surface. In these tests, the fireballs were carried
to or close to stratospheric levels. Is there a
probability that biological life could be trans-
ported to the stratosphere by this mechanism?
This could be a good injection possibility. Another
possibility is that from the Nevada test site, from
dirt -- so,mething on the periphery of the cloud
that was not atomized, could rise on the cloud.
Has this ever been thought about as an injection
source?
Bruch--I would say that the fire or cloud
that rises is not necessarily all due to radiation;
a lot of it is due to thermal effects. From my
knowledge of spores I would say that chances are
good that they could tolerate the thermal effects
and actually rise on that cloud and at least get
into the higher parts of the troposphere. You
indicated the stratosphere, and I am glad that
you were thinking that high because this may be,
as you say, an injection mechanism. Beyond that
I am not prepared to comment. Mr. MacLeod, do
you want to make that comment?
MacLeod -- My thought is that maybe we're
too late with this natural flora and fauna investi-
gation of the upper atmosphere. I would think,
after looking at the films that the fireball would
look like an entirely possible mechanism for in-
jection. These fallout particles that you're talking
about, though, are substantially smaller, are they
not, than the sort of thing that would be spore
size? Did you say 0.1 _ and below?
Answer from the audience -- Tenth micron
and below.
MacLeod -- Our figure was obtained at a con-
siderably higher density. I wonder if these things
are still up there. Is there a proposed mechanism
for this, or have the diameters swollen? I'm sorry,
the size is small enough now to stay there.
Junge- It depends very much on the particle
size. Measurements seem to indicate that par-
ticles larger than 5 _ settle out in a quarter of
a year or so from the stratosphere. What is left
after awhile is in the size range below 0.1 _.
That is the size which carries most of the radio-
activity after the first time has elapsed. These
particles, which behave as a gas, reflect the cir-
culation, and the exchange mechanism of the air
in the lower stratosphere. The residence time of
these particles in the layers between 20 to 30 km
is perhaps three years or so. Apparently, the
upper limit of residence in the stratosphere is
10 years no matter how high material is injected.
This is for material which practically behaves
like a gas. Larger material drops out faster.
There is a likelihood that particles around a few
microns can get up temporarily to layers above
25 km.
There is one other point: we do not under-
stand right now the rather violent processes going
on in the polar winter stratosphere. Dr. Belmont,
however, can probably comment on that much
better than I. Apparently these processes are
surprisingly intense, much more so than we thought
up to now. Once in awhile these processes may
carry material up from lower layers, to layers
of about 30 km, but not much beyond because
even for 1 _ particles the fall speed then becomes
too large compared to the vertical velocity of
these ascending air motions.
MacLeod -- Can I just say one more thing
about this subject?
Here is the perfect example of this kind of
interdisciplinary activity that we would like to
build if we can. Here are a meteorologist and
an atomic scientist working with stratospheric
particles. We also are interested in this work.
Some of the techniques that were outlined for the
Atomic Energy Commission type of investigation
are perhaps forerunners of the kind of instrumen-
tation that is an engineering requirement for an
investigation of the biological content of the strato-
sphere. Hopefully, this little quadrangle that just
got set up here is something that will continue.
Comment from audience --I would like to add
one thing to what Dr. Junge said. There is a
committee on research aircraft (I don't know the
particulars; I'm on the air pollution committee
only as an alternate). This committee met for
the first time in April 1964, to establish govern-
mental interagency requirements for research air-
craft. The committee is under the auspices of
INCAR, I believe. This is, I gather, an organiza-
tion that is going to find out what people are using
what type of aircraft, for what purpose, and with
what requirements in order to establish cooperative
programs such as piggyback flights. In view of
aircraft as the most reasonable means to sample
in the tropopause, they will probably have some
variety of aircraft available. You might think about
this in sampling at these altitudes.
Cole--I should like to make one comment
here about injecting material into at least the
lower stratosphere. I don't know of any action
of thunderstorms. Of course, there are many,
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many suchstorms everyyear. Theydo get up
to 50,000 or 60,000 ft. Here is a mechanism
that breaks through the tropopause and into the
stratosphere. It seems to me the storms will
carry a lot of microbiological material.
Belmont- Occasionally there is stratospheric
flow from the arctic almost to the equator, say,
to the southern Caribbean, or central Africa. This
condition may persist for many days, so there
can be large-scale horizontal mixing and at the
same time vertical mixing.
The question was raised earlier about the
possibility of having some of these larger par-
ticles at a level as high as 100,000 ft or 10 mb.
If these particles are brought up from natural
processes, by either convection or strong ver-
tical motions, the question isn't only what the
fall rate is. As the atmosphere may experience
prolonged vertical mixing at certain times and
regions, particles may stay aloft long after a
fall-out time based on fall-rate alone. Surely,
large atomic tests release large amounts of ma-
terial whose quantity is biologically significant and
of which we are aware because it is so easily
detected. However, the total mass is very small
compared to particulates normally contained in
the atmosphere which are carried up continually
on a global scale by natural processes such as
convection, thunderstorms, and larger scale dis-
turbances. Vertical circulations around the several
jet streams also help transport and mix materials
from the troposphere to the highest stratospheric
levels.
These natural vertical transport processes
are far more important than any artificial rockets
or other methods that we may use to bring ma-
terials to the stratosphere.
Goetz--lt would be a matter of velocity. In
other words, the vertical velocity component would
have to be many times larger than the Stokes-
Cunningham fallout rate. If one knows these ve-
locities then naturally one can calculate the like-
lihood.
Belmont -- Useful computations of these things,
unfortunately, are difficult to make because appro-
priate measurements are usually lacking.
Greene--We recognize the work that you've
been doing, Dr. Gregory. You're probably more
familiar than any other person with what every-
one else in the world is doing in this field. Has
anyone experimentally attempted to lyophilize these
organisms and to create what Dr. Goetz calls
his little parachute effects? These have large
surface areas and they have low densities. Has
anyone tried to actually put them into simulated
altitude chambers to see how long it takes the
organisms to fall out or to see if Stokes' law ap-
plies? I recognize that this can be calculated; I
am just wondering if anyone has done this exper-
imentally.
Gregory- I wouldn't know. I don't think it's
been done with lyophilized particles. All the work
has been done with ordinary air-dried particles.
Dimmick -- All the work we did was wit_"
lyophilized spores. When they were dried they
were quite different than they were when they
were lyophilized. Now, it seems to me that a
particle starting out from the earth's surface.
and going up would first freeze. If it continued
to be carried up it would then start to lose the
water by sublimation. In essence there would be
a freeze-dried particle.
Gregory--I think that answers the question.
MacLeod--I want to ask Dr. Belmont or Dr.
Junge a question.
You were talking about the turbulence in the
polar winter. What is your means for sampling in
this area? Is this through some means of instru-
ment in the air mass or something else?
Belmont -- Insofar as meteorological param-
eters go the sampling is strictly by radiosonde
measurements, which are unreliable at highest.
levels as we know. Radiosondes constitute a poor
network with nothing over the oceans.
MacLeod -- Is your radiosonde going up into
something like the highest level of the strato-
sphere? What would this be?
Belmont--I meant the highest level that we
reach with balloons, normally 10 mb/30 km.
MacLeod- This, in the arctic would be well
into the stratosphere?
Belmont--Yes. The tropopause there is near
10 km, and we have data up to about 30 km.
Cole--There seems to be a discussion here
about how to get these particles into the strato-
sphere; the question seems to revolve around
how an air mass moving up can, you might say,
drag the particles with it. This all implies treating
the air as a continuum; I wonder if we shouldn't
think a little bit about the fact that possibly we're
getting to the region where we should not treat
the air as a continuum, but as a collection of
particles. I can't remember, frankly, what the
mean free path is at 10 mb. Surely somewhere
there is a point where the mean free path is much
larger than these particles about which we're
talking. The probability surely exists that one of
these particles could continue to get hit on the
bottom and keep getting pushed up. This explana-
tion might account for having a small amount of
such particles much higher than we could estimate
if we treated merely Stokes'-law drag and that
sort of thing in the results.
Steinberg--So far nobody has mentioned one
possible mechanism for keeping a particle afloat
once it's up there. This mechanism in some cases
may aid in getting the particle a little higher.
This is the so-called radiometer effect. Of course,
there are a lot of if's in this particular effect.
About three years ago we were interested in keep-
ing particles afloat in the upper stratosphere,
and wanted to know how much influence the so-
called radiometer effect would have. I regret that
I cannot remember all the details now. The data
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• showed a lot of if's which one must take into con-
sideration: if the particle is the correct size,
somewhere around the 5 _ region; if the particle
is at an altitude where the mean free path is greater
than the size of the particle; if the density is low
enough (one or less); if the particle has on its
surface a sort of insulating material where one
part of the, say, sphere, is darker or able to
store more energy than the other side so there
is a gradient across the particle. If these con-
ditions exist there is enough energy in this field
to keep a particle afloat. Now, of course, we're
talking about living organisms here; I can't see
normally getting a gradient across a spore, but
some deformity or discoloration on the spore
itself may cause a temperature gradient across
the spore and thus energy may be obtained for
keeping the spore afloat.
This is something to think about.
Junge -- I would like to comment on Dr. Cole's
question. Sedimentation can be treated correctly
even if the particles are small compared to the
mean free path length of the air molecules. Cor-
rection factors enable one to treat this case as
if the air is still a continuum, so that the com-
bined effects of sedimentation and also turbulent
diffusion can be calculated correctly up to altitudes
of 50 km and more.
Gregory--I don't know whether or not the
spore in question is the right size. We do know
a group of fungi which have spores 4 to 8 _ diam-
eter, roughly spherical, of which half the sphere
is black and the other half light. (Some of the
smuts of cereals and grasses.)
May I ask a question? I would like you people
to list for me the various methods by which one
can experimentally determine the rate of fall in
air of particles of the size in which we are inter-
ested. I know one or two methods, but I would very
much like to take away with me a list, so that I
can try some methods that we don't use. We do
use the Galileo method in an artificial tempera-
ture inversion.
Dimmick -- You can use the very simple meth-
od of a stirred settling chamber. This is rather
inexpensive and surprisingly accurate if used cor-
rectly. I've never actually used it under reduced
pressures, but I don't see why this wouldn't work.
Gregory --What do you do?
Dimmick -- This is in essence a box with a
fan. You put an aerosol in it. Then you need a
vertical velocity of air from that fan sufficient to
loft the biggest particle you're interested in to
the height of your chamber so that you maintain
homogeneity. Then you can count the number of
particles as a function of time or you can look at
the particles by light scattering (which is the
easier way of the two) and plot the light scattering
decay as a function of time. From this and Stokes'
law one can calculate the particle size. If you
have a homogeneous aerosol you'll get a logarith-
mic decay.
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Gregory--These seem to be the methods for
determining the rate of fall: There is the Galileo
method like dropping an object down the Tower
of Pisa; you drop the particle down a column of
still air, preferably with a temperature inversion
to damp out vertical convection. That can be done
by either timing the spore fall with a microscope
or by using photography or some other method.
Centrifugation is another method, using the
instrument called the conifuge.
There have been various experimental meth-
ods for determining the fall of Lycopodium spores at
ground level. Values vary from about 1.6 cm/
second to 2.2 cm/second.
Another method is to find the velocity of an
ascending column of air at which the spores bal-
ance. That's a difficult method. I don't like most
of those methods; I'm very glad to hear of this
stirred settling chamber.
McFarland -- Possibly for determining the
Stokes' diameter of spores, the most appropriate
method would be settling in a liquid, from which
the suspension of spores would be floated on the
surface of a liquid using either centrifugation or
gravity settling. I realize that one of the deficien-
cies of this method is determination of the actual
density of particles. There are methods for getting
around this also.
Differences of settling in the liquid and in
air are taken into consideration, since the flow
in both cases would be viscous. Surface effects,
viscosity effects would be ruled out.
Dimmick -- Yes, but you couldn't have done
this, for instance, with some spores because they
just don't sink unless you pull a vacuum on them.
Then if you do this you won't get their density
in the air. We're talking about the density of a
very dry spore which will be difficult to measure
if put into a liquid.
McFarland -- The Whitby settling technique
is used more for defining the gross distributions
in which particles vary from a few tenths of a
micron up to something of the order of a hundred
microns. In this case we must start with rather
concentrated suspensions. I assume that we'd be
talking of the order of a few spores. This might
throw in a few complicating factors.
Lundgren -- Dr. Goetz, I believe, spoke about
the effect of air density on particle settling and
stated that at 10 mb pressure, a 10 _ particle would
fall like a rock. We've been doing some work in
the 10 mb pressure range and find that 10 _ par-
ticles still can be transported easily. The Cunning-
ham correction factor is still rather small, so
particles don't settle out like rocks. They settle
at a rate about three times faster than at atmos-
pheric pressure.
[Editor's note: List of methods from black-
board:
1. Stirred settling chamber
2. "Galileo" method
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3. Centrifugation
4. "Settling" in liquid. Pratt-Whitney cen-
trifuge.]
Belmont --This question has nothing to do with
the listof methods.
Where in the world might one find the best
chance to locate biological material in the atmos-
phere? I suggest the tropics because at lower
levels there are ideal conditions for biological
life--warm temperatures, lots of humidity. Be-
cause of the convection in the tropics there's a
good chance for upward transport. There's a far
better chance in the tropics of locating biological
materials in the stratosphere, or say the upper
troposphere than there might be in mid or high
latitudes. If one wants to start flying airplanes,
as Dr. Junge suggested, this would certainly be a
likely place to start. If particles are not to be
found in the tropics, the chance of finding them
elsewhere is much smaller, except in individual
cases.
Junge--Of course, this is right; one should
select the proper areas. In addition to this, one
might consider even getting around airplane sam-
pling by collecting at mountains above the trade
wind inversion. There one can be relatively cer-
tain to have a representative sample of upper air
at the earth surface. An excellent place is Mauna
Loa Observatories in Hawaii. During the night
there are subsiding air motions at the surface,
so that contamination from the ground is unlikely.
Belmont--The only difficulty with such a
location is, what is one likely to find? Surely,
there will be descending motions maybe from
very high levels, but this is in the middle of an
ocean where the probability is relatively small
that biological material will originate.
Junge -- That's exactly what I meant because
there one gets a representative sample from the
upper troposphere, because there is no local in-
fluence from a continent. I would say this might
be the type of representative material that one can
expect to enter the stratosphere.
Belmont--It's a question of what we mean
by "representative." We can find locations where
the probability is high of finding biological material
and we can find other locations where the proba-
bility is quite low. Which is representative, I
don't know, except that I'm sure there is variabil-
ity all over the earth's surface. If one wants hope-
fully to see if any biological material can exist
at high levels he should go to the place where
there are the best chances for it. If one does not
find material there, his chance of finding it else-
where is remote.
Junge --I do not agree quite with that. Three-
quarters of the earth's surface is covered by
ocean, so if one wants to know on the average what
penetrates into the stratosphere it is best to select
a place of this nature where most likely one will
have an averaged population of particles which is
more representative than one would collect over
any other place. If this doesn't work here, perhaps
one should select a few other places. This was
just one offhand guess. The thing is that one
can sample every night; one can get a wonderful
seasonal variation.
Belmont--I agree with you. It's just that I.
think the problem is, can biological material exist
at high levels in the atmosphere at all? If it can
exist, then let's first look for it where there is
good chance of finding the material.
I agree that the oceans cover most of the
earth and that the conditions in Hawaii would be
more representative of the globe than say, over
Africa or India. But over Africa or India one
might have a much higher chance of finding bio-
logical material. If it doesn't exist there, then
one can likely conclude that the chance of finding
it anywhere is remote.
Dimmick -- What about the idea of spin drift
in the ocean? Does anyone know how high water
spouts go? Do they go into the stratosphere?
Belmont--I would doubt it very much. Hur-
ricanes, thunderstorms, and other severe storms
would have much more effect than water spouts.
I think thunderstorms are the major agent for
physically transporting things upward in a hurry,
as they are so numerous.
Dimmick -- Near the ocean one does find that
the spin drift has put up salt crystals, as Dr.
Goetz was mentioning. This possibly could be a
large source of dried organisms. Also there is
the potential of updrafts over the ocean. Actually
this should be a rather large source, shouldn't it?
Junge -- Salt crystals or matter is another
subject. I am wondering about one thing. In our
field of geophysics and meteorology we have a
lot of international cooperation going on in the
international scientific unions where there are
committees to enhance global cooperation. Perhaps
there is a similar scientific union for biologists
that might be concerned with international pro-
grams called "coordination." Our problem really
calls for some global coordination of scientific
institutes and scientific people. This coordination
might be one way to get things started a little better.
Benninghoff -- The International Council of
Scientific Unions (ICSU) for the past two years
has been considering the possibility of an Interna-
tional Biological Programme [sic], a research
effort that would extend over approximately seven
years to accomplish synoptic inter-calibrated ob-
servations of biological productivity, biological re-
sources, and human adaptability over the entire
world.
In November 1963 ICSU adopted a basic pro-
posal for the IBP and submitted it to academies
of member nations of the International Union of
Biological Sciences (IUBS). More than 30 nations
have initiated study of the proposal. July 23 to
25, 1964, interested national academies and inter-
national bodies such as the Scientific Committee
on Oceanographic Research (SCOR), the Interna-
tional Union for the Conservation of Nature (IUCN),
and the Scientific Committee on Antarctic Research
(SCAR) will send representatives to a meeting in
Paris where the feasibility and organization of
2'
PANEL
" _n IBP will be deliberated.As plannedthe IBP
wouldcomprisesectionsfor measurementof ter-
restrial, fresh water,andmarineproductivity,for
processesof productivity,for humanadaptability,
.and for use and managementof biologicalre-
sources.Humanadaptabilityinvestigationswill in-
cludestudiesof geneticandphysiologicalbasesfordifferential responsesof various humangroups
to environmentalstresses.Biologicalresources
will take into accountnot only presentlyused
raw materials but also potentialsourceorgan-
isms and "geneticbanks"for genepopulationsin
dangerof extinction.l
As far as I knowtherehasbeennoattention
givento aerobiologyin planningfor the IBP.This
might be somethingto considerhere, however.
If there is somethoughthat withinthe structure
of this proposedorganizationsomethingcouldbedone toward the coordinationof international
effort, it wouldbe well for us to passtheinfor-
mationon to the UnitedStatescommittee(it is
at presentanadh0ccommitteeof theNationalAca-
demyof Sciencesunderthe chairmanshipof Prof.StanleyA. Cain of the Universityof Michigan).
This committeeis makingrecommendationsthat
presumablywill result in the appointmentof aduly constitutednationalcommitteein timefor the
Julymeetingin Paris.
Gregory-- Mr. Chairman,this is averyprac-tical suggestion;I shouldbe gladto forwardany
suchrecommendationsto theBritishcommittee.2,3
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Tsuchiya--I hopethat the physical scien-
tists will also be includedin sucha program;
we haveseenhow fruitful interdisciplinarydis-
cussionscanbe.
Bruch--During the last commentaboutin-
ternationalcooperation,I was thinkingaboutthe
InternationalGeophysicalYear in 1957to 1958.
TheIGY participantswere striving for interna-
tional cooperation.Nowas I understandit, this
program was supervisedthroughour National
Academyof Science.Of course, the National
Academyof Sciencehas a SpaceScienceBoard,
which could explorethese"cooperativescientific
programsthat we have discussed,in the hope
of makingthem truly internationalin character.
Whenthis AtmosphericBiologyConference
was initially formulatedI knowthat NASA'sob-jectives were limited more or less to the prob-
lem of howto get a sterile spacecraftthrough
our atmosphereand on its way to a planetary
mission. Since that time NASAhas broadened
its approachto the study of microbial life in
theupperatmosphere.
I havebeenpleasedjust as a scientistlis-
tening to the breadthof thesediscussionsthat
we've had at this conference.I wish we could
haveexploredmoreof thetechniquesandapproach-
es usedby the pollen researchersin their at-
mosphericstudies.
1NoteaddedbyBenninghoff,September1964:"The
First GeneralMeetingontheIBPwasheldatUNESCO
Houseas planned.About30 nationssentdelegates,
someadditionalonesregisteredinterestbycorrespon-dence,andall of the internationalscientificbodies
that wouldbeconcernedwererepresented.Thesev-
eral sectionsworkedoutplans,time schedules,and
committeememberships,whichwerethensubmitted
to theparentcommitteein the formof recommenda-
tions. In plenarysessionsa constitutionwasconsid-
eredandadopted,andappointmentsweremadeto theScientificCommitteeon theIBP (SCIBP)andto oth-
er offices.The IBPthuscameintobeingandbeganits work._
2NoteaddedbyGregoryinproof:_Recommenda-
tions,togetherwitha copyof Prof.W.S.Benninghoff's
letter to Dr.FrankCampbell,weresento theBritish
NationalCommitteefor theInternationalBiologicalPro-gramme[sic] beforethegeneralI.B.P.meetingJuly
1964inParis.(P.H,G.)"
3NoteaddedbyBenninghoff,September,1964:_In
May1964Benninghoffwroteto theExecutiveSecretary
of the NationalAcademyDivisionof BiologyandAgri-
cultureinvitingattentiontothefindingofthisconference
andto this discussionrelatingto theIBP.Gregory
forwardeda copyof thatletterunderoneofhisown
to theRoyalSocietyCommitteeontheIBP.IntheJune
1964reportof thead hoc committee of the National Acad-
emy of Sciences the following comment was made in
discussion of the potential mission of Section E, Use
and Management of Biological Resources: 'There is need
for a study of atmospheric microflora by simultaneous
observations at strategic locations around the world,
taken at 'human level' and at designated levels above.'
At The Paris meeting Section E deliberations resulted
in a recommendation for studies of the atmosphere as
a medium for international dissemination of plant and
animal pathogens. In the Interim Report (sept. 14, 1964)
to the National Academy of Sciences by T.C. Byerly and
S.A. Cain, co-chairmen of the NAS Delegation to the
Paris meeting, the following item is reported among
projects the Section E Working Group considered appro-
priate for the Section:
E. Ecology and Epidemiology of Plant Diseases
It is recommended that the SCIBP stress the need
for and encourage investigations of the atmosphere as
a medium of international dissemination of plant and
animal pathogens. Examples would include studies of
air currents and of animals such as migratory birds
and bats as vectors of pathogens.
The ICSU Commission on Atmospheric Sciences is
suggested as a cooperating agency.
Gregory and Benninghoff are communicating with
other investigators of air. spora and irrviting their at-
tention to these developments."
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Anotherstrongaspectof the conferencehas
beenthe methodologyand instrumentationwhich
havebeendiscussedquitebroadly.
Any time anyof youwant more informa-tion aboutNASA'sactivities in space,or want
to find out what NASAcan do to stimulatere_-"
searchin space,feel free to contactmeinWash-
ington,or to contactMr. MacLeod.Themission
of our office, the Office of SpaceSciencesand
Applications,is to learn more aboutspaceand.
what is occurring there. We want to encourage
anythingthatsupportsthatmission.
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General .Nomenclature
Alt
A
acfm
AGI
C
C
cfm
cfs
cpm
CP
eps
CWAS
dc
DFS
DPA
dpm
esu
F
fpm
fps
IPC
k
K
Altitude
Angstrom units
Ambient cubic feet per minute
All glass impinger
Centigrade (degree symbol is omitted); Celsius
Cunningham correction factor
Cubic feet per minute
Cubic feet per second
Counts per minute
Constant pressure
Centimeters per second
Cryogenic whole air sampler
Direct current
Direct flow sampler
Dipicolinic acid
Disintegrations per minute
Electrostatic units
Fahrenheit (degree symbol is omitted)
Feet per minute
Feet per second
Gravity
Institute of Paper Chemistry
Boltzmaun's constant
Kelvin (degree symbol is omitted)
kv
Lat
k
Long
m
m
mb
meq
Mev
MF
Mscf
ppm
psi
psig
RH
rpm
rps
scf
scfm
STP
t
T
UV
V
Kilovolts
Latitude
Length of mean free path
Longitude
Mass
Meters
Millibar
Milliequivalent
Million electron volts
Membrane filter
Thousand cubic feet
Parts per million
Pounds per square inch
Pounds per square inch gauge
Relative humidity
Revolutions per minute
Revolutions per second
Standard cubic feet
Standard cubic feet per minute
Standard temperature & pressure
Time
Temperature
Ultraviolet
Velocity
